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The application of engineering theory and analysis to bone has led to many in-
sights regarding the etiology of increased skeletal fragility with aging and dis-
eases such as osteoporosis. According to mechanics of materials theory, whole
bone mechanical behavior should depend on the amount of bone tissue, bone
geometry, and tissue material properties. Through the use of micro-computed
tomography, the influence of bone mass and geometry on whole bone strength
and stiffness have been confirmed and quantified. With the application of
nanoindentation to the study of bone, the ability to measure the mechanical
properties of bone at the micron length scale is now possible. However, most
studies using nanoindentation have focused only on tissue-level properties and,
therefore, relatively little is known about the relationships between tissue-level
properties and whole bone mechanical behavior. The objectives of this research
were to 1) examine the effects of two composition changes, mineralization and
crystallinity, on whole bone and tissue-level mechanical behavior, and 2) ex-
amine changes in tissue-level composition and mechanical properties due to
osteoporosis.
To investigate the effects of mineralization and crystallinity independently,
two separate dietary interventions in rodents were used. First, vitamin D de-
ficiency in growing rats was used to reduce cortical bone mineralization. The
vitamin D deficient animals had compromised whole bone mechanical behav-
ior, as indicated by the lower failure moment and bending stiffness. To take
into account the mechanical property heterogeneity and cortex geometry when
predicting whole bone mechanical behavior, a density-weighted section modu-
lus was calculated using composite beam theory. The weighted section moduli
predicted whole bone mechanical behavior better than geometric parameters or
average mechanical properties alone.
In the second study, growing rats given fluoride had increased cortical bone
crystallinity and reduced measures of whole bone mechanical behavior. Cortical
cross-sectional geometry was not different with fluoride, implying a difference
in mechanical properties was responsible for the altered whole bone mechan-
ical behavior; however, indentation modulus and hardness were not different.
The discrepancies between tissue-level and whole bone mechanical behavior
suggest that interfaces between microstructural features and other mesoscale
features influence whole bone mechanical behavior.
In the third study, tissue-level composition and mechanical properties of os-
teoporotic cancellous bone from a fracture prone location were examined. Verte-
bral cancellous bone from female cadavers was divided into two groups, osteo-
porotic and not osteoporotic based on T-scores from dual-energy x-ray absorp-
tiometry scans. Tissue from osteoporotic donors had lower indentation moduli
and showed a trend towards being less mineralized compared to tissue from
normal and osteopenic individuals. Independent of reduced bone mass and
altered trabecular architecture, lower indentation moduli of osteoporotic bone
could contribute to skeletal fragility associated with osteoporosis.
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Bone is a hierarchically organized tissue that serves two primary functions in
the body. Bone is a mineral reservoir, storing and providing vital minerals such
as calcium, magnesium, and phosphorus for the body [1]. The skeleton is also
a load bearing organ that protects internal organs and enables locomotion in
concert with skeletal muscles, tendons and ligaments. When considering bone
as a load bearing structure, engineering approaches that are commonly used to
analyze man-made structures can also be applied to bone. Three main factors
determine the load bearing ability of a structure: the amount of material used,
the spatial arrangement of the material, and the mechanical properties of the
material. Mechanics of materials theory can predict the strength and stiffness of
a structure based on geometry and mechanical properties.
1.1 Bone Composition and Microstructure
Bone, along with wood, seashells, and fish scales, can be thought of as natu-
rally occurring composite materials in the sense that two disparate constituents
are combined in a specific manner to optimize strength, stiffness, toughness,
and weight. Like engineered composites, the mechanical performance of bone
depends on the composition of the constituents and their organization. On aver-
age bone tissue is composed of 43% mineral, 25% water, and 32% organic matrix
by volume [2]. The mineral portion is comprised of plate-like hydroxyapatite
crystals similar in composition to geological hydroxyapatite but with substitu-
tions including, carbonate, fluoride, and citrate. The organic matrix is primarily
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( 90%) composed of type I collagen in addition to proteoglycans and other non-
collagenous proteins [3]. However, unlike engineering materials, bone is a liv-
ing organ with cells that regulate bone modeling, remodeling, and adaptation
in concert. Three types of cells exist in bone: osteoblasts, osteocytes and osteo-
clasts. Osteoid, the unmineralized substance laid down by osteoblasts, mineral-
izes and surrounds the osteoblasts in a mineralized matrix. Once osteoblasts are
trapped into the matrix, they mature into osteocytes residing in small voids in
the bone matrix known as lacunae. Radiating from each lacuna are small chan-
nels, canaliculi, that contain osteocyte processes. The vast canalicular network
connects lacunae throughout the bone matrix connecting osteocytes with each
other and vasculature.[4, 5].
Bone has structural features that span 6 orders of magnitude, from the size
and shape of individual mineral crystals, to varying cross-sectional geometry of
whole bones [6–8]. Type I collagen molecules present in bone are aligned in a
staggered array forming fibrils. Collagen fibrils provide a template for mineral-
ization [9–11]. The mineral crystals are organized such that their c-axis is in the
same direction as the long axis of the collagen fibrils [2, 12]. The collagen fibrils
align and form larger fibers that are oriented in a specific manner depending
on the microstructure of the bone tissue. In healthy bone tissue, the collagen
fibers for layer like structures known as lamellae. The combined organic ma-
trix and mineral in bone create a composite structure that enables bone to be an
extremely efficient load bearing structure that is both stiff and tough.
Macroscopically the two main types of bone structures found in the healthy
skeleton, cortical and cancellous, can be distinguished based on their poros-
ity. Cortical bone is found along the shafts of long bones and has a porosity of
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5-10%, while the highly porous cancellous bone is found in the ends of longs
bones and in vertebral bodies, with porosities ranging from 75-95% [3]. Bone
can also be distinguished by its microstructure, woven and lamellar. Woven
bone in adults is only found in fracture calluses. Lamellae in remodeled cortical
bone is found in cylindrical structures called osteons. The osteonal structure
arises from bone remodeling and appears as circumferential lamellae around
a Haversian canal containing blood vessels and nerves, with alternating re-
gions of highly aligned and less aligned collagen [13–15]. In cancellous bone
the lamellae do not form osteons, trabeculae have a distinctly layered structure.
Ultimately the composition and structural features, ranging from the microscale
to the macroscale contribute to bone‘s mechanical behavior.
1.2 The Mechanical Properties of Bone
Determining the mechanical properties of bone tissue requires considering the
hierarchical organization of bone. The measured mechanical properties depend
on the length scale of testing. There are three main methods used to measure
bone mechanical properties, whole bone testing, microbeam/core testing, and
nanoindentation. Whole bone testing is the largest length scale and uses an en-
tire bone. Common loading modalities include 3 or 4 point bending, compres-
sion, tension, and torsion. Bone geometry and beam theory are used to calculate
the strength and Young‘s modulus from load-displacement curves. Variations
in bone cross-sectional geometry, compositional heterogeneities, and porosity
violate many of the assumptions required when using beam theory to calculate
mechanical properties.
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Prismatic beams or cylinders with regular cross sections can be cut from
larger portions of cortical or cancellous bone and can be tested using the same
loading modes as whole bone testing. Using microbeams/cores eliminates er-
rors due to irregular and varying cross-sectional geometries. Tests using mi-
crobeams/cores measure what are known as apparent level mechanical proper-
ties. Young‘s modulus of cortical bone from C57/B6 mice assessed from cortical
microbeams was nearly 3 times larger than values calculated from whole bone
bending tests, 10 GPa compared to 3 GPa [16, 17]. The larger modulus val-
ues from microbeam testing are due to elimination of errors associated with the
geometric irregularities of whole bones as validated by finite element models
[18]. However, apparent level mechanical properties measure from microbeam
testing is still affected the amount of discontinuities in the tissue such as pores,
blood, vessels, and lacunae.
Nanoindetation can measure the mechanical properties of bone at the sub-
micron length scale while avoiding surface discontinuities. Bone samples must
be dehydrated, embedded and polished to avoid effects of surface roughness on
measurements [19]. Again considering values from cortical bone of the C57B6
mouse, the Young‘s modulus from nanoindentation is 29 GPa, or nearly 3 times
larger than values from microbeam testing [20]. However, up to 16% of the
increase may be due to dehydration of the sample [21]. Additionally, hetero-
geneities due to tissue microstructure and discontinuities such as cellular lacu-
nae and blood vessels are presumably the reason that modulus values derived
from indentation tests are larger than those from microbeam testing [19–23].
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1.2.1 Composition and Mechanical Properties at the Apparent
Level
Much of the literature examining bone material properties has focused on the
apparent level through the use of machined samples of cortical and cancellous
bone. Although apparent level measurements of mechanical properties do not
take into account heterogeneities due to tissue microstructure, many impor-
tant relationships between apparent level composition, porosity and mechanical
properties have been established in these studies. Utilizing the natural variation
in mineral content and porosity of bones from different species, Currey found
that that mineralization and porosity were correlated with Young‘s modulus
and together were able to predict over 80% of the variation in Young‘s modu-
lus [24]. Even within a single species apparent density, a function of porosity
and mineralization, was correlated with Young‘s modulus and strength [25–27].
Mineralization also plays an integral role beyond the elastic behavior of bone as
the yield and ultimate stresses of cortical bone have also been shown to decrease
with decreasing mineral content [28–30].
Although much more compliant than hydroxyapatite, 1-2 MPa for type I
collagen versus 150 GPa for a single crystal of hydroxyapatite, collagen plays
an important role the post-yield behavior of bone [31, 32]. Studies using in
vitro methods of altering collagen have shown dramatic effects on the strength
and toughness of bone but not Young‘s modulus. Using either heat or enzy-
matic digestion to systematically denature collagen lowered the strength and
toughness of cortical bone while the Young‘s modulus remained unchanged
[30, 33]. Because collagen comprises ∼ 30% of bone tissue by volume, it is not
surprising that destroying the collagen network has a substantial effect on the
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mechanical behavior of bone tissue. Interestingly, even subtle changes to the
collagen network can change the mechanical behavior of bone. Collagen cross-
links form naturally between fibrils, stabilizing the collagen matrix [34]. The
use of non-enzymatic glycation to alter collagen cross-linking of the collagen
network in vitro increased the yield stress of bone without changes in stiffness
[35]. On the other hand, inhibiting collagen cross-linking in vivo using β-amino-
propionitrile in rats reduced cortical and cancellous bone strength and stiffness
[36, 37]. Although the relationship between collagen cross-linking and mechani-
cal properties is not straight forward, the importance of cross-links are clear. Be-
cause the collagen fibril network is vital to the mineralization process, changes
in the mineral phase may also occur concurrently with collagen changes in vivo.
1.2.2 Tissue-Level Mechanical Properties and Composition
Apparent level tests have provided insights regarding the relationships between
composition and mechanical properties, and whole bone mechanical behavior
is ultimately of clinical interest. To identify the effects of microscale hetero-
geneities in composition due to microstructural constituents, and discontinu-
ities such as cellular lacunae and blood vessels, a testing methodology with
higher resolution is needed. The importance of the local changes in material
properties are evidenced in the behavior of cracks propagating through bone
tissue [38, 39] (Figure 1.1).
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Figure 1.1: Transmission x-ray image of bone stained with lead-uranyl ac-
etate. Damage (white) influenced by the osteonal tissue mi-
crostructure. Image courtesy of Garry Brock.
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Composition Using Raman Microspectroscopy
Compositional analyses of bone, particularly of the mineral portion, have been
assessed by ashing. However this technique is clearly destructive and cannot
provide information about the spatial variation in mineralization. Calibrated
microcomputed tomography (microCT) scans of bones can provide spatially re-
solved and average values of mineralization [40]. In addition to voxel-by-voxel
values of mineralization, cortical geometry and trabecular architecture can also
be quantified with isotropic voxel sizes smaller than 1µm [8]. Although microCT
scans can compute average and spatially resolved mineralization data, no in-
formation is provided about the non-mineral components of bone or chemical
changes within the mineral component such as carbonate substitution, collagen
cross-linking or crystallinity.
Vibrational spectroscopy can provide compositional information about both
the mineral and organic phase of bone with 1 − 10µm spatial resolution. The
most common forms of vibrational spectroscopy used to assess bone compo-
sition are Fourier Transform Infra-red (FTIR) and Raman microspectroscopy.
Both spectroscopic methods provide complementary compositional data. Ra-
man spectroscopy has higher spatial resolution than FTIR spectroscopy and can
be done on in bulk samples negating the need for thin sections. Raman spec-
troscopy works on the basis of inelastically scattered light from the sample due
to interactions of incident photons with molecular bonds in the sample. The
phosphate ν1 ( 957cm−1) and carbonate peak ( 1065cm−1) intensities and the full
width half max (FWHM) of the phosphate ν1 peak are commonly reported pa-
rameters that characterize the mineral portion of bone. Peaks that are related
to the organic matrix include the Amide I ( 1650cm−1) and CH2 ( 1447cm−1) wag
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peaks. Compositional parameters are reported as peak height or peak area ra-
tios. Common ratios include the mineral to matrix ratio ( 957cm−1/ 1650cm−1)
or 957cm−1/ 1447cm−1, B-type carbonate substitution ( 1065cm−1/ 957cm−1), and
mineral crystallinity (FWHM of 957cm−1) [41, 42]. The carbonate substitution
measured by Raman is indicative of only B-type carbonate substitution while
FTIR measures both labile, A-type and B-type carbonate [43].
Mechanical Properties Using Nanoindentation
The advent of depth sensing indentation and Oliver and Pharr‘s seminal paper
in 1992 increased the use of nanoindentation to measure mechanical properties
of bone at the submicron length scale [44] (Figure 1.2). Quasistatic nanoindenta-
tion tests are performed by loading and unloading an indenter with known tip
geometry into a sample while monitoring the load and displacement. Scanning
nanoindenters can resolve mechanical properties at the submicron length scale
while enabling the placement of indentations on specific bone microstructures
by acquiring topographical scans of the test location [13, 45–47]. The load dis-
placement curves from depth sensing indentation devices are analyzed using
the Oliver-Pharr method to calculate the indentation modulus (Ei) and hard-
ness (H) [44]. Though a Young’s Modulus for the sample can be calculated,
this requires choosing a Poisson’s ratio. From apparent level measurements, the
Poisson‘s ratio for cortical bone is approximately 0.37 and has a variability of
30%, but depends on the orientation of the microstructure [3, 48]. Fortunately
altering the Poisson‘s ratio by ±0.1 changes the Young‘s modulus by less than
10% [49, 50]. However this does not account for bone’s anisotropic nature. In-
stead, the indentation modulus can be reported without assuming a Poisson’s
9
Figure 1.2: Blue bars represent the number of articles citing Oliver and
Pharr 1992. Red bars represent the number of article published
each year using nanoindentation to the mechanical properties
of bone. Citation found using ISI Web of Science.
ratio as the indentation modulus is a function of both the Young’s Modulus and
Poisson’s ratio. Where Er is the reduced modulus, E and ν are the Young’s mod-
ulus and Poisson’s ratio of the sample and Etip and νtip are the Young’s modulus
and Poisson’s ratio of the indenter tip and the slope of the unloading curve is
related to the reduced modulus [44].
Ei =
E









Nanoindentation has been able to resolve the mechanical properties of specific
microstructural features such as lamellar and interlamellar tissue, and intersti-
tial and osteonal tissue [13, 46, 51–54]. The aforementioned microstructural
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features have differences in composition that were associated with the differ-
ences in mechanical behavior. For instance, the lamellar regions have more
aligned collagen than interlamellar regions [13], and interstitial bone is more
mineralized than osteonal bone [54]. Additionally some studies have used the
natural gradient in tissue age that occurs radially in growing rodents to corre-
late tissue-level mechanical properties to compositional parameters, specifically
mineralization and carbonate substitution [55–57]. These studies demonstrated
the ability of nanoindentation to resolve mechanical properties at a length scale
smaller than most microstructural features of bone and changes in tissue-level
mechanical properties are correlated with compositional changes.
1.3 Changes in Material Properties with Osteoporosis and Ag-
ing
Bone is a heterogeneous tissue that varies not only spatially, but temporally
as well. Many studies have quantified the detrimental effects of aging on the
mechanical competence of both cortical and cancellous bone. Apparent level
strength, stiffness, and toughness of cortical and cancellous bone all decline
with age after the 3rd to 5th decade of life [58–64]. Changes in the apparent level
mechanical properties are associated with age related increases in porosity and
reduced collagen content and apparent density [58–64], again highlighting the
importance of architecture, porosity and composition. However, as previously
stated, apparent level compositional measurements cannot resolve changes in
composition to individual microstructural features.
The age of a volume of bone the tissue within the skeleton may not be equal
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to the age to the donor or animal due to bone growth and remodeling. Thus
within temporal changes, the difference between animal age and tissue age
must be considered. In rodents, long bones grow via appositional growth with
minimal remodeling creating a radial gradient in tissue age. Increases in miner-
alization and carbonate substitution, indentation modulus and hardness were
associated with increasing tissue age [55–57]. Differences in both composition
and mechanical properties as assessed by nanoindentation and vibrational spec-
troscopy change with tissue age and animal age [47].
The effect of osteoporosis on tissue-level mechanical properties is less clear,
though studies have found a variety of compositional changes associated with
osteoporosis. Osteoporosis was initially considered a disease only characterized
by low bone mass, however, the occurrence of fragility fractures in individuals
with normal bone mineral density as measured by dual x-ray absorptiometry
(DXA) suggest changes in tissue-level material properties occur and may be
crucial to increased fracture risk. Indeed, a variety of different compositional
changes have been found to occur with osteoporosis at the tissue-level. Changes
in collagen cross-link ratios [65], decreased mineralization and carbonate sub-
stitution heterogeneity [66] have been reported in samples from donors with
fragility fractures compared to samples from donors without previous fragility
fracture. Reduced bone mineralization [67], and increased carbonate substitu-
tion and crystallinity have also been associated with osteoporosis [68, 69].
Many studies have examined compositional changes with osteoporosis, but
far fewer studies have examined changes in mechanical properties with osteo-
porosis. From the few that exist, mechanical properties appear not to change
with osteoporosis. Indentation modulus and hardness did not differ between
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sample from donors with and without femoral neck fractures despite decreases
in mineralization as measured by quantitative backscattered electron imaging
(qBEI) [70]. Additionally, cancellous bone from donors with preexisting verte-
bral fractures did not have different nanomechanical properties based on iliac
crest cancellous bone sample [71]. The existing studies examining changes in
mechanical properties with osteoporosis suggest changes at cortical sites may
differ from those at cancellous site due differences in metabolic activity and
changes in tissue material properties may not be uniform across cancellous sites
[72, 73]. Additional studies examining tissue-level mechanical properties from
other fracture prone sites such as the vertebrae and wrist would be insightful.
1.4 RelatingMaterial Properties toWhole BoneMechanical Be-
havior
From an engineering perspective, tissue-level mechanical properties should
contribute to whole bone mechanical behavior. However the relationship be-
tween the mechanical responses of bone at vastly different length scales is not
always clear due to the heterogeneous nature of bone tissue. Differences in
mechanical properties of microstructural features have been measured using
nanoindentation including a 31% difference in indentation modulus between
lamellar and interlamellar tissue, and a 15% difference between osteonal and
interstitial tissue. Typical test volumes for nanoindentation are on the order of
microns and it is unrealistic to test enough locations that the total test volume
approaches the volume used for whole bone testing. Even if the entire cortex
could be tested, it is not clear which features of the tissue microstructure are
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most influential to whole bone mechanical behavior. Most studies have aver-
aged multiple nanoscale mechanical properties measurements to obtain a single
value per sample that can be compared to outcomes of whole or apparent level
mechanical testing. Based on studies combining whole bone mechanical testing
and nanoindentation, whole bone mechanical behavior does not always corre-
late with average tissue-level material properties. In a hind-limb suspension
study in rats, a 48% reduction in whole bone stiffness was not accompanied by
a change in mechanical properties as assessed by nanoindentation [74]. In vita-
min D deficient rats, whole bone stiffness was reduced 47% without a difference
in indentation modulus [57]. A study on cortical bone from the senescence accel-
erated mouse, SAMP6, found reduced Young’s Modulus and ultimate strength
from whole bone tests, and increased indentation modulus and hardness from
tissue-level indentation tests compared with SAMR1 control mice [20]. Upon
first inspection the inconsistent correlation between whole bone and tissue-level
properties is surprising; however this finding draws attention to the fact me-
chanical properties must be considered in conjunction with microstructure and
tissue heterogeneities are neglected when averaging tissue-level data.
Though in vivo models are more clinically relevant than in vitro models,
they include additional complexities due to the systemic effects and compen-
satory mechanisms. Modifying bone composition through dietary or genetic
means is often accompanied by changes in bone geometry and mass. In the
oim/oim mouse, a mouse model of osteogenesis imperfecta, reduced collagen
content and collagen defects were accompanied by reductions in femur length
and moment of inertia [75]. In the senescence accelerated SAMP6 mouse, both
bone mineralization and the moment of inertia increased [76]. Similarly, vita-
min D deficiency in rats reduced bone mineralization and cross-sectional area
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[57, 77, 78]. Unlike traditional engineering structures, altering a single factor
of bone strength in in vivo models becomes difficult, thus material properties,
bone mass and architecture must all be considered concurrently to understand
the contribution of a single factor to bone strength.
1.5 Study Objectives and Approaches
The importance of bone tissue composition of both the mineral and organic
constituents of bone has been demonstrated at the apparent level, and sev-
eral studies have indicated a similar composition-mechanical property rela-
tionship at the tissue-level [13, 15, 55, 56, 79]. However, very few studies
have examined the relationship between tissue-level mechanical properties and
whole bone mechanical behavior. Changes in mineralization and crystallinity
have been confirmed with aging and osteoporosis, both of which alter appar-
ent level mechanical behavior. Thus the objectives of this research were: First,
to further the understanding of the effects of mineralization and crystallinity
on tissue-level mechanical properties by using an in vivo model with dietary
interventions to carefully control tissue composition, second, to relate tissue
level-mechanical properties to whole bone mechanical behavior by using both
microscale and macroscale mechanical testing techniques, third, to examine
composition-mechanical property relationships in a more complex but clinically
relevant sample of osteoporotic human cancellous bone.
For the first objective, the effect of mineralization on whole bone mechanical
behavior and tissue-level mechanical properties were investigated. We hypoth-
esized that mineralization influences both tissue-level properties and whole
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bone mechanical behavior and that taking into account spatial heterogeneity
of mechanical properties would improve predictions of whole bone mechanical
behavior. Mineralization was reduced through the use of a vitamin D deficient
diet in growing rats. Whole bone tissue mineralization and cross-sectional ge-
ometry were reduced in the experimental groups compared to controls. Whole
bone mechanical behavior was altered as indicated by reduced bending stiffness
and failure moment. At the tissue-level, the indentation modulus and hard-
ness increased with tissue age, but no differences due to dietary intervention
were measured. Additionally across the entire cortex, the mineral:matrix ratio
was correlated with the indentation modulus. Average tissue-level mechanical
properties were not correlated with whole bone mechanical behavior. Compos-
ite beam theory and the intrinsic tissue-level relationship between mineraliza-
tion and indentation modulus were used to improve predictions of whole bone
mechanical behavior. This study demonstrated that in a model for varying min-
eralization, a composite beam model using tissue-level data better predicted
whole bone mechanical behavior than averaged tissue-level properties.
For the second objective, the effects of mineral crystallinity on whole bone
mechanical behavior and tissue-level material properties were investigated. The
effects of crystallinity on tissue-level mechanical properties have not been exam-
ined, however, their importance has been hypothesized [68]. We hypothesized
increased crystallinity would reduce measures of tissue-level mechanical prop-
erties and whole bone mechanical behavior. Fluoride was given rats during a
period of rapid growth and bone formation to alter crystallinity in vivo. Whole
bone mechanical behavior was altered in fluoride treated animals without as-
sociated changes in cross-sectional geometry and whole bone mineralization
based on microCT scans. In whole bone tests, fluoride treatment reduced the
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bending stiffness and failure moment while increasing the total deformation. At
the tissue-level, the mechanical behavior changed in a non-monotonic manner,
the indentation modulus and hardness increased in tissue from animals given
the lower dose of fluoride but no change was present in the higher dose group
compared with controls. The mineral:matrix ratio as measured by Raman spec-
troscopy followed a trend similar to the indentation outcomes, increasing in the
lower fluoride group. The difference in trends between tissue-level mechanical
properties and whole bone mechanical behavior suggested that interactions be-
tween tissue constituents and microarchitectural features could be affected by
changes in crystallinity and that those interactions influence whole bone me-
chanical behavior.
For the third objective, the same techniques used to assess tissue-level prop-
erties were applied to a more complex, yet clinically relevant system, cancellous
bone from female human vertebrae. We hypothesized that there are material
level changes associated with osteoporosis at anatomic locations prone to frac-
ture, and that changes in mechanical properties are related to changes in com-
position. In this study, the effects of osteoporosis on the tissue-level mechanical
properties and correlate any changes in mechanical properties with composi-
tional changes, at a fracture prone location. Osteoporotic status was defined
from aBMD measurements from DXA scans of the L1-L4 vertebrae. Cores of
cancellous bone were prepared from the T12 vertebrae and used for tissue-level
analyses. Compositional parameters, mineral:matrix ratio, crystallinity, and car-
bonate substitution, were measured using Raman spectroscopy, and tissue-level
mechanical properties were assessed using nanoindentation. The indentation
modulus of osteoporotic cancellous bone was reduced compared to osteopenic
and normal samples and correlated with tissue-level mineralization. The ad-
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dition of more compositional measures in addition to the mineral:matrix ratio
improved the predictions for the indentation modulus and hardness. To our
knowledge, this tissue-level study is the first examine cancellous bone from a
fracture prone location. The reduction in the indentation modulus associated
with osteoporosis as indicated by areal bone mineral density (aBMD) supports
the idea that osteoporosis related changes in mechanical properties in addition
to changes in bone mass and architecture contribute to increased fracture risk.
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CHAPTER 2
IMPROVED PREDICTION OF RAT CORTICAL BONEMECHANICAL




Whole bone mineralization and quantity predict whole bone mechanical behav-
ior for healthy bone [1–3]; however, skeletal pathologies such as osteoporosis
alter those relationships. Dual energy x-ray absorptiometry (DXA) is currently
the clinical standard for assessing osteoporotic fracture risk but is not a perfect
predictor of fracture [4]. Fracture risk evaluation can be improved by consider-
ing age and previous fracture status as evidenced by FRAX [5–7]. Areal bone
mineral density (aBMD) assessed by DXA reflects both bone volume and den-
sity. Osteoporosis therapies disproportionately alter aBMD and fracture risk.
Fluoride treatments were ineffective at reducing fracture risk despite 8-16% in-
creases in aBMD [8, 9], whereas antiresorptive treatments reduced fracture risk
by 30-50% despite only increasing aBMD by 8-10% [10, 11].
The disconnect between BMD and whole bone mechanical performance in
diseased bone has prompted research aimed at revealing the role of tissue-level
composition. Like other load bearing structures, whole bone mechanical be-
1Reprinted from Journal of Biomechanics, Vol. 45, Kim, Grace, Adele L. Boskey, Shefford P.
Baker, and Marjolein CH van der Meulen, Improved prediction of rat cortical bone mechanical
behavior using composite beam theory to integrate tissue level properties, pp. 27842790 (2012).
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havior depends on geometry, volume, and tissue-level properties. The applica-
tion of nanoindentation and vibrational spectroscopy techniques such as Raman
and Fourier transform infra-red spectroscopy to bone allow the investigation of
mechanical properties and composition of individual microstructural features
while avoiding pores and cellular lacunae visible on the surface. Concurrent
investigations of tissue material properties from nanoindentation and tissue-
level composition with whole bone mechanical behavior revealed inconsistent
relationships between micro- and macroscale properties [12–15]. Both the pres-
ence and absence of correlations have been reported between whole bone and
tissue-level mechanical properties, indicating that the extrapolation of tissue-
level properties to whole bone mechanical behavior is not straightforward. The
aforementioned studies averaged tissue-level data points into a single value to
represent the material properties of the entire bone to correlate with whole bone
mechanical behavior. Averaging highly resolved tissue-level properties simpli-
fies bone into a homogeneous material and diminishes the advantage of the
local tissue-level measurements provided by nanoindentation and vibrational
microspectroscopy. To take into account mineralization heterogeneity, studies
have used composite beam theory to generate density-weighted moments of in-
ertia or bending stiffnesses that take spatial variations in mineralization into ac-
count [16–18]. These models used apparent level relationships between Youngs
modulus and mineralization, and the use of tissue-level relationships may im-
prove the predictive capability of these models.
The current study used tissue-level relationships between mineralization
and material properties to calculate density-weighted section moduli to predict
whole bone mechanical behavior. This method preserves the spatial distribution
and heterogeneity of tissue properties while using intrinsic tissue-level relation-
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ships instead of apparent level relationships to calculate density-weighted sec-
tion moduli. Relationships between mineralization and mechanical properties
at the whole bone and tissue-level length scales were characterized in rats with
impaired mineralization and reduced whole bone mechanical behavior through
vitamin D deficiency. Whole bone composition and geometry were quantified
using micro-computed tomography (microCT) prior to whole bone mechanical
testing in three point bending. Contralateral limbs were used for tissue-level
analyses. Tissue-level mechanical properties were measured using nanoinden-
tation and tissue composition was measured using Raman microspectroscopy.
Density-weighted section moduli calculated from tissue-level measurements
were compared with section moduli calculated using one previously reported
apparent level relationship, averaged tissue-level properties, and whole bone
measures of composition and geometry on their ability to predict whole bone
mechanical properties.
2.2 Methods
Bone mineralization was reduced using a previously established vitamin D de-
ficiency treatment in growing rats [19]. Three week old male Sprague-Dawley
rats (Charles River, Wilmington, MA) were divided into three groups: Con-
trol, and two reduced mineralization groups, NC1 and NC3 (n = 20/group) and
given their respective diets and water ad libitum for the 10 wk experimental
duration. Intraperitoneal injections of tetracycline and demeclocycline were ad-
ministered 28 d and 14 d before euthanasia. These fluorochrome labels demar-
cated 3 tissue age zones, 0-14 d, 15-28 d, and 29 d+. After 10 wk, animals were
euthanized by CO2 asphyxiation. Vitamin D deficiency was confirmed by an
32
enzyme-linked immunoassay for 1,25-OH D (Immunodiagnostic Systems Inc,
Scottsdale, AZ) (Control n = 12, NC1 n = 11, NC3 n = 16). All procedures were
approved by Cornell Universitys Institutional Animal Care and Use Committee
(IACUC).
All animals started their respective diets at weaning, 3 weeks after birth.
Controls were fed normal rat chow replete in vitamin D3 (2000 IU/kg) and
0.47% Ca for the 10 wk experimental duration (Harlan Teklad, TD. 08364, In-
dianapolis, IN). To generate a range of altered mineralization, NC1 was fed
0IU/kg Ca and 0IU/kg D3 chow during week 8, and chow with 0.47% Ca and
0IU/kg vitamin D3 all other weeks and NC3 was fed 0IU/kg Ca and 0IU/kg D3
chow during weeks 7, 8 and 9, and chow with 0.47% Ca and 0IU/kg vitamin D3
all other weeks. Animals were housed in 12 h/12 h light-dark cycles with UV
radiation free lights during the 10 wk experimental duration. Intraperitoneal
injections of tetracycline (15 mg/kg) were administered 28 d before euthanasia,
and demeclocycline (20 mg/kg) 14 d before euthanasia. Blood was collected by
cardiac puncture immediately after euthanasia to confirm vitamin D deficiency
by an enzyme-linked immunoassay for 1,25-OH D (Immunodiagnostic Systems
Inc, Scottsdale, AZ).
2.2.1 Whole Bone Testing
Left femurs (n = 20/group) were collected for whole bone compositional and
geometric measures and mechanical testing. Femurs were scanned in saline
using microCT with 25 µm isotropic voxel size (eXplore CT 120, GE Healthcare,
Waukesha, WI). Femurs were cleaned of soft tissue and stored in saline soaked
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gauze at −20◦C prior to use. Femurs were thawed and scanned in saline using
microCT with 25 µm isotropic voxel size. All bones were scanned at 80 kV, 32
mA, 100 msec exposure with 1 image every 0.5◦ for 360◦. Mineral density was
calibrated according to the manufacturer using a calibration phantom with SB3
which has a mineral density of 1073 mg/cc. A global threshold equivalent to
43 mgHA/cc was used for all microCT scans to include newly formed and less
mineralized bone. A global threshold equivalent to 43 mgHA/cc was used [20].
Tissue mineral density (TMD) and content (TMC) were calculated for a 3 mm
thick volume of interest (VOI) from the midshaft of the femurs (MicroView 2.2,
GE Healthcare, Waukesha, WI). The VOI consisted of 120 slices. The cortical
cross-sectional areas (Ac) was calculated for each slice then averaged, resulting
in a single value for each sample (in-house MATLAB code, The Mathworks Inc,
Natick, NA).
After scanning, femurs were failed in three point bending in the anterior-
posterior direction (858 Mini Bionix, MTS, Eden Prairie, MN). Outcomes from
the load-displacement data included the failure moment (MF), bending stiffness
(EI), effective modulus (EI/Iun), and post-yield displacement (Dpy). A constant
load rate of 0.05 mm/sec, a span width (w) of 18 mm, and no preload was ap-
plied for all samples. Load and crosshead displacement were sampled at 10Hz
during testing. The bending stiffness (EI) was calculated as kw3/48, where k
is the slope of the linear portion of the load displacement curve. The effective
modulus was calculated as EI/Iun, whereIun was the unweighted geometric mo-
ment of inertia calculated from microCT scans. The failure moment (MF) was
calculated as PFw/4 where PF was the failure load. The post-yield displacement




A subset of the right femurs was processed for tissue-level analyses (n = 4-
5/group, 14 total). Femurs were dehydrated in ethanol and embedded in poly-
methymethacrylate. A 3 mm thick transverse section of cortical bone from the
midshaft of each sample was fixed to an atomic force microscope stub and pol-
ished anhydrously [21]. For each sample, 5 indentations spaced at least 7 µm
apart were made in the middle of the zones parallel to the labels and at the
periosteal edge (Triboindenter, Hysitron, Minneapolis, MN). Four different tis-
sue age zones were tested: periosteal zone, 0-14 d, 15-28 d, and 29 d+. Indents
were created using a 500 µN trapezoidal load function. The indentation modu-
lus (Ei) and hardness (H) were calculated from the unloading portion of the 500
µN load-displacement curve [22]. Digital white light and fluorescence images
of the sample surfaces were taken using an optical microscope and overlaid so
fiduciary markers could be used to identify tissue age zones based on the flu-
orochrome labels. Samples were tested dry. Indentations were made using a
scanning nanoindenter with a Berkovich tip. A 20 x 20 µm scan was performed
prior to indentation to ensure indents were not placed on pores or lacunae on
the surface. Indentations were localized to the anterior-medial quadrant of the
femur since this quadrant had the best separation of fluorochrome labels. In-
dents were created using a trapezoidal load function with a peak load of 500 µN,
load/unload rate of ± 50 µN/s and 10 s hold times. After the 500 µN indent, a
1000 µN indent was placed at the same location, creating fiduciary markers vis-
ible using the optical microscope used for Raman microspectroscopy.
Residual indents were indentified using the white light optical microscope
attached to the Raman microscope. The laser spot (2 µm diameter) was cen-
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tered over each residual indent and corresponding Raman spectra between
800 and 1800 cm−1 were collected (inVia, Renishaw, Gloucestershire, UK). Tis-
sue mineralization (mineral:matrix) and B-type carbonate substitution (carbon-
ate:phosphate) were calculated [23, 24]. Raman spectra between 800 and 1800
cm−1 were collected by averaging 3 accumulations, each with 10 s exposures
and cosmic ray removal (inVia, Renishaw, Gloucestershire, UK). The Raman
microscope was equipped with a 785 nm laser and a 50X, 0.75 NA objective re-
sulting in a 2 µm diameter spot size. Background subtraction and smoothing
(WiRE V2.0, Renishaw; in-house MATLAB code) were performed before peak
analyses. Tissue mineralization was calculated as the peak height ratio of the
phosphate ν1 (965 cm−1) and CH2 wag (1450 cm−1) peaks. B-type carbonate sub-
stitution was calculated from the peak height ratio of carbonate ν1 (1070 cm−1)
and phosphate ν1 peaks.
2.2.3 Composite BeamModel
To predict whole bone mechanical behavior, composite beam theory was used
to calculate density-weighted moments of inertia in addition to the commonly
used geometric (unweighted) moment of inertia [25]. Similar to the cortical area
measurements, the moment of inertia was calculated for each slice then aver-
aged, resulting in a single value for each sample. An unweighted moment of
inertia about the medial-lateral axis (IML) with respect to the centroid (X) was

















where the summation is over the total pixel count (n). For each pixel containing
bone, x j is the distance from the center of the j-th pixel to the y-axis and A j is
the area of the j-th pixel. Three density-weighted moments (Ilin,a, Ilin,b, Ilin,exp)
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where v was the attenuation weighted value calculated for each pixel assuming
the modulus was proportional to the attenuation value, either linearly accord-
ing to our tissue-level data from the anterior-medial quadrant (Equation 2.5) or
exponentially according to an apparent level relationship (Equation 2.6).








HU j is the x-ray attenuation of the j-th pixel and TH is the global threshold
value both in Hounsfield units, m is the slope, b is the intercept, and a is the
exponential coefficient.
Two linear equations based on the tissue-level data from this study were
used to calculate density-weighted moments of inertia. The equation of the
best fit linear regression between indentation modulus and mineral:matrix ratio
was y = 2.4x + 11 (Figure 2.3a) consequently m = 2.4 and b = 11 in Equation
(2.5). Substituting Equation (2.5) into Equations (2.3) and (2.4) resulted in a lin-
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early weighted centroid and moment of inertia (Ilin,a). The best fit linear regres-
sion overestimated the modulus of mineral:matrix ratios below 2. The intercept
of the regression line represents the indentation modulus of tissue containing
no mineral. Demineralized collagen fibrils have been shown to have a Youngs
modulus of 20 MPa, which is less than 1% of the best fit intercept, 11 GPa [26].
To better represent the modulus of unmineralized tissue, a second linear regres-
sion with the intercept fixed at 0 was used to calculate another density-weighted
moment of inertia. The equation of this line was y = 4x, with m = 4 and b = 0.
Substituting Equation (2.5) into Equations (2.3) and (2.4) resulted in a second lin-
early weighted centroid and moment of inertia (Ilin,b). Respective section moduli
(Zlin,a,Zlin,b) using the moments of inertia were calculated by dividing the respec-
tive moments of inertia by the maximum anterior-posterior distances from the
density-weighted centroids.
The exponential relationship we used was based a previously established re-
lationship between ash fraction and Youngs modulus from bovine cortical bone
beams where a = 3.91 in Equation (2.6) [27] . Substitution of Equation (2.6) into
Equations (2.3) and (2.4) resulted in an exponentially-weighted centroid and
moment of inertia (Iexp). The section modulus (Zexp) was calculated by dividing
the moment of inertia (Iexp) by the maximum anterior-posterior distance from
the density-weighted centroid. The sensitivity of our results to the exponential




For all statistical tests, p-values less than 0.05 were considered significant. Re-
sults presented are significant unless stated otherwise. A one-way analysis
of variance with Tukey-Kramer post-hoc was used to indentify differences in
whole bone outcome measures between all groups (JMP 8.0, SAS Institute). Lin-
ear regressions determined the correlations between both whole bone compo-
sition and mechanical behavior, and whole bone geometric measures and me-
chanical behavior. Significant differences between correlation coefficients (r) for
the corresponding coefficients of determination (r2) from linear regressions were
identfied using Z tests with a Fisher r to Z transformation. For tissue-level out-
comes, a two-way ANOVA was performed with tissue age zone and treatment
group as main effects to determine differences in Ei, H, mineral:matrix ratio,
and carbonate:phosphate ratio. An analysis of covariance on Ei with diet group
as the factor and tissue-level compositional measures as the covariates was per-
formed.
2.3 Results
2.3.1 Whole Bone Properties
Serum levels of 1,25-OH D were reduced in both vitamin D deficient groups
compared with Controls (36.9 ± 2.17 nmol/L), 60% and 64%, respectively.
Serum levels of 1,25-OH D in the NC1 and NC3 groups were not different from
each other. Final body masses were reduced by 18% and 19% compared with
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Figure 2.1: Representative microCT images of Control, NC1, and NC3
right femur cross sections. Colors represent differences in at-
tenuation (Houndsfield Units). Vitamin D deficiency reduced
mineralization of the cortical bone particularly in the posterior
half of the femurs.
Controls in the NC1 and NC3 groups, respectively.
From the whole bone analyses, vitamin D deficiency reduced whole bone
mechanical performance, and mineralization and geometric parameters as mea-
sured by microCT compared with Controls (Table 2.1, Figure 2.1). TMC was
reduced by 20% and 27% in NC1 and NC3 compared with Controls, respec-
tively. TMD was reduced by 8% and 12% in NC1 and NC3 compared with
Controls. TMC was 8.6% lower and TMD was 4.2% lower in the NC3 group
compared with NC1. Cortical area was reduced by 13% and 17% in NC1 and
NC3 compared with Controls. Failure moment was reduced by 26% and 33%
in NC1 and NC3 compared with Controls. The bending stiffness was reduced
by 32% and 38% in NC1 and NC3 compared with Controls. The effective mod-
ulus was 20% lower in the NC3 group compared with Controls. The post-yield
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displacement was not different with vitamin D deficiency. No differences were
observed between NC1 and NC3 treatments in geometric measures or whole
bone mechanical behavior.
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Table 2.1: Mean measures of whole bone composition, geometry and me-
chanical behavior. Values shown as mean (standard deviation).
*Significantly different from Control; + significantly different
from NC1 treatment group.
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2.3.2 tissue-level Properties
From the two-way ANOVA with diet group and tissue age zone, the indenta-
tion modulus in all groups was lower at the periosteal surface compared to the
0-29 d+ tissue zones. Additionally, in the NC1 group, the indentation modulus
of 0-14 d tissue was 49% lower than the 14-29 d+ tissue (Figure 2.2a). Hard-
ness results followed similar trends to the indentation modulus (Figure 2.2b).
For all groups, the hardness was lower at the periosteal surface compared to
the 0-29 d+ tissue zones. The NC1 group had a 45% lower hardness in the 0-14
d tissue than 14-29 d+ tissue. The mineral:matrix ratio increased with increas-
ing tissue age for all diet groups (Figure 2.2c). Vitamin D deficiency decreased
the mineral:matrix ratio compared to Control animals in the intracortical tis-
sue (0-14, 15-28 and 29 d+), but not at the periosteal edge. In the 0-14 d tissue
the Control mineral:matrix ratio was higher than NC1 and NC3. In 15-28 d tis-
sue the Control and NC1 mineral:matrix ratios were higher than NC3. In the
29 d+ tissue the Control mineral:matrix ratio was higher than both NC1 and
NC3. Vitamin D deficiency delayed the increase in B-type carbonate substitu-
tion across the cortex (Figure 2.2d). Control animals had a significantly higher
carbonate:phosphate ratio in the three older tissue age zones than at the perios-
teum. For NC1, the carbonate:phosphate ratio significantly increased after 15
d. The carbonate:phosphate ratio did not increase with tissue age for the NC3
group; intracortical tissue maintained similar levels to the youngest tissue.
From the analysis of covariance, diet group did not affect the relationship
between mineral:matrix ratio and indentation modulus, thus indentation mod-
ulus and mineral:matrix ratio data from all groups were fit using a single linear
model (r2 = 0.54, p ¡ 0.001) (Figure 2.3a). The relationship between the indenta-
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Figure 2.2: Mean A) indentation modulus, B) hardness, C) mineral:matrix
ratio and D) carbonate substitution by diet group versus tissue
age zone. Significantly different from Control (C), NC1 (NC1),
NC3 (NC3) within a single tissue age zone. Significantly differ-
ent from 0 day old tissue (1), 0-14 day old tissue (2), and 15-28
day old tissue (3) within the same group. Error bars indicate
standard deviation.
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tion modulus and carbonate substitution varied by diet group. Although tissue-
level mechanical properties and the carbonate:phosphate ratio correlated in the
Control and NC1 groups, no correlation existed in the NC3 group (Figure 2.3b).
2.3.3 Relating tissue-level and Whole Bone Properties
For the samples used for tissue-level analyses (n=14), linear regressions between
whole bone mechanical behavior of the contralateral limbs and average intra-
cortical tissue-level properties were examined (average of the oldest 3 tissue age
zones). None of the averaged tissue-level properties were significant predictors
for the effective modulus, bending stiffness, or failure moment.
Whole bone geometric and compositional measures from microCT were
used to predict EI and MF (Table 2.2). From the geometric and compositional
data from microCT, the best predictor for EI was TMD (r2 =0.56) and for MF
was TMC (r2=0.78). MF was better predicted than EI by every predictor. The
linearly weighted moment of inertia (Ilin,a) increased the coefficient of determi-
nation for failure moment to r2 = 0.57 compared with the geometric moment of
inertia (r2 = 0.36). Ilin,b and Zlin,b increased coefficients of determination for whole
bone mechanical behavior compared to the respective values calculated using
the linear equation with the non zero intercept (Ilin,a,Zlin,a). The exponentially
weighted moment of inertia (Iexp) predicted 75% of the variability of the failure
moment. The exponentially weighted section modulus (Zexp) predicted 80% of
the variability of the failure moment (Figure 2.4b). The exponentially weighted
section modulus had significantly greater explanatory power for the failure mo-
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Figure 2.3: A) Linear regressions for mineral:matrix versus indentation
modulus, solid line for y=2.4x+11 and a dashed line for y=4x.
B) Analysis of covariance with B-type carbonate substitution as
the covariate and diet group as the factor.
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Figure 2.4: A) The best predictor for failure moment (MF) was the expo-
nentially weighted section modulus. B) The best predictor for
bending stiffness (EI) was tissue mineral density (TMD).
ment than all variables except TMC, exponentially weighted moment of inertia,
and the linearly weighted section modulus with 0 intercept. For bending stiff-
ness, the exponentially weighted section modulus had significantly greater ex-
planatory power than all variables except TMC, TMD, and the exponentially
weighted moment of inertia (Table 2.2).
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Table 2.2: Coefficients of determination (r2) for whole bone mechanical be-
havior, failure moment (MF) and bending stiffness (EI). *Signifi-
cantly different r2 from the exponentially weighted section mod-
ulus for the failure moment. # Significantly different r2 from the




Vitamin D deficiency in growing rats reduced measures of whole bone mechan-
ical behavior, mineralization, and geometry similar to previous studies [12, 28,
29]. Reductions in whole bone mineralization, as indicated by reduced TMD,
were paralleled by reductions in tissue-level mineral:matrix ratios with vitamin
D deficiency. The spatial distribution and heterogeneity of tissue properties
were preserved by using intrinsic tissue-level relationships instead of appar-
ent level relationships to calculate density-weighted section moduli. Density-
weighted section moduli calculated from tissue-level data better predicted vari-
ability in whole bone mechanical behavior than averaged tissue-level proper-
ties and unweighted measures of whole bone geometry; however, the density-
weighted section moduli from apparent level data further improved the predic-
tions.
To investigate the sensitivity of the results to the specific coefficients used in
Equations (2.5) and (2.6), different intercepts and exponential coefficients were
examined. For the linear equation, the predictive capability of the weighted sec-
tion modulus was affected by the intercept, but not the slope. The intercept of
the regression line represents the indentation modulus of tissue with no min-
eral, which should be much lower than bone. Hence the increased explanatory
power using the equation with a 0 intercept was not surprising. In fact the
relationship between mineral:matrix ratio and indentation modulus appears bi-
modal with a larger slope between mineral:matrix ratio of 0-4, then a smaller
slope beyond a mineral:matrix ratio of 4 (Figure 2.3a). The bimodal response
would be vital during rapid growth as the prompt establishment of mechani-
cal competence would be necessary for the bone to withstand everyday loads
49
during primary mineralization [30, 31]. Secondary mineralization would then
follow with a slow but steady accrual of mineralization and increased mechan-
ical properties.
To examine the effect of the exponential coefficient on the prediction of
whole bone mechanical behavior, weighted section moduli were calculated us-
ing a range of exponential coefficients. Between exponential coefficient values
of 3 and 9, the coefficient of determination of the exponentially weighted section
modulus changed less than 1%. The initial value of 3.91 selected for this exper-
iment was within 1% of the best coefficient of determination for this data set.
An underlying assumption of our approach was that the relationship between
Raman mineral content and indentation modulus was proportional to apparent
density and Youngs modulus. Both TMD and mineral:matrix ratio from Raman
spectroscopy are measures of mineralization, not true gravimetric densities. Vi-
tamin D deficiency primarily affects mineralization leaving the matrix intact
[12, 28, 29]. If the amount of collagen and non-collagenous proteins is similar
between groups, the mineral:matrix ratio should indicate relative increases in
mineral in a given volume of tissue. Additionally a correlation between Raman
mineral:matrix and TMD has been confirmed in growing rabbits, and a similar
relationship would expected in rats [32]. Assuming a constant Poissons ratio (ν)
across all samples, Youngs modulus is proportional to the indentation modulus
scaled by (1 − ν2). Thus the proportionality of the indentation modulus and the
mineral:matrix ratio to TMD and Youngs modulus is plausible.
A limitation of the study is that tissue-level measurements were taken in
a single quadrant of the cortex, thus a single regression equation for the min-
eral:matrix ratio and indentation modulus was used throughout the cortex.
50
Quadrant-specific differences in tissue properties naturally occur in the cortex
and could have obscured diet-induced changes in the indentation modulus [33].
Additional tissue-level data from other quadrants of the femur could validate
the use of a single expression or provide location specific tissue property rela-
tionships to improve the predictive capability of density-weighted section mod-
uli.
Two different experimental groups were included to create a range of both
bone mineralization and mechanical properties. However, whole bone mechan-
ical behavior of the NC1 and NC3 groups was similar despite differences in min-
eralization density. Although MF and EI were not different between NC1 and
NC3, the values were spread across a range ensuring the regressions were not
influenced by highly leveraged data. Similarly at the tissue length scale, tissue-
level mechanical properties were unchanged despite differences in local tissue
mineralization. The lack of differences in indentation modulus with dietary
intervention could indicate that large changes in mineralization are needed to
affect indentation modulus and is in accord with a previous study that affected
mineralization in rats with a more severe diet [12].
Our approach to predicting mechanical behavior could be further improved
by using higher resolution microCT scans. The current study used scans with
25µm voxel size that cannot resolve cellular lacunae, small pores and blood ves-
sels. A higher resolution scan that resolves these architectural features could
improve the accuracy of the model and prediction of whole bone mechanical
behavior. Additionally the coefficient of determination of 0.54 between indenta-
tion modulus and mineral:matrix ratio indicates additional determinants of the
indentation modulus remain. Previous studies have shown that the indentation
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modulus correlates with other compositional measures such as collagen align-
ment and carbonate substitution[30, 34]. In the future, including compositional
parameters in addition to mineralization could provide a more robust and accu-
rate model to predict whole bone mechanical behavior. Density-weighted sec-
tion moduli are not as complex as microCT-based finite element models (FEA),
but could provide a faster and more economic evaluation of whole bone me-
chanical behavior. MicroCT-based finite element models can predict 70-98% of
the variability in the failure load based on apparent properties, but require the
use of super computers or hours of computational time [35, 36]. The density-
weighted section moduli calculated using composite beam theory predicted
80% of the variability in failure moment and are less computationally intensive.
Improvements in the methodology used to calculate density-weighted section
moduli could make this approach equivalent to microCT-based FEA models in
terms of predictive capability but more time and cost efficient.
The hierarchical organization of the skeleton produces an amazingly efficient
load bearing structure while simultaneously making analysis and modeling
challenging. Previously, microCT images in conjunction with composite beam
theory and apparent level relationships between elastic modulus and mineral-
ization improved predictions of whole bone mechanical behavior [16–18, 37].
This study is the first to use nanoindentation derived material properties from
contralateral limbs of the same animal with composite beam theory to minimize
assumptions about tissue heterogeneity and microarchitecture when predicting
whole bone mechanical behavior. Although the apparent level derived rela-
tionships had more predictive power than the tissue-level data derived linear
relationships, the composite beam model in this paper is an improved method
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CHAPTER 3
EFFECTS OF MINERAL CRYSTALLINITY ON TISSUE-LEVEL AND
WHOLE BONEMECHANICAL BEHAVIOR
3.1 Introduction
Whole bone mechanical behavior depends on bone mass, geometry and ma-
terial properties. Due to the hierarchical nature of bone, defining the material
properties of bone tissue depends on the length scale at which testing is per-
formed, leading to the distinction between apparent level and intrinsic mechan-
ical properties of bone tissue [1, 2]. Studies utilizing whole bone or microbeam
testing calculate apparent level mechanical properties that do not take into ac-
count tissue microstructure and heterogeneity. To measure intrinsic mechanical
properties the test volume must be small enough to avoid the effects of tissue
heterogeneities and discontinuities due to microstructural features. Nanoinden-
tation, a depth sensing indentation technique, is able to sample volumes of tis-
sue that lie within a single microstructural feature, and thus able to measure
differences in the mechanical properties of distinct tissue features that have also
been shown to have differences in tissue-level composition [3–6].
The relationship between composition and intrinsic mechanical properties is
of interest because age and disease related changes in apparent mechanical be-
havior are accompanied by compositional changes of bone that can be measured
at both the whole bone and tissue-level [7–9]. Aging increases tissue mineraliza-
tion and crystallinity while decreasing whole bone strength and stiffness [9–14].
In diseases such as osteomalacia bone mineral density and whole bone stiffness
are decreased [15, 16]. Because of the compositional changes that accompany
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changes in apparent level mechanical behavior, the composition-mechanical be-
havior relationship has also been investigated at the tissue-level. Mineralization
and carbonate substitution, two compositional metrics associated with the min-
eral phase of bone have been correlated with changes in tissue-level mechanical
properties as measured by nanoindentation [17–19]. Mineralization and carbon-
ate substitution were only able to predict 33-55% of the variability in tissue-level
mechanical properties indicating other compositional parameters may also af-
fect the mechanical properties.
Crystallinity is a quantity pertaining to the mineral phase of bone that is
influenced by the crystallite size, lattice strain and stress, and crystal perfec-
tion. The importance of crystallinity on intrinsic material properties has been
suggested through the use of computational molecular models and the exami-
nation of diseases that disrupt the mineral phase of bone [20–22]. Changes in
crystallinity due to aging and osteoporosis are concomitant with other compo-
sitional changes making it difficult to isolate the effects of crystallinity. Fluoride
treatment, both in vivo and in vitro, provides a method to alter crystallinity and
mechanical behavior of bone in a controlled manner. Changes to whole bone
strength and stiffness and increases in ductility have been observed with fluo-
ride treatment [23–26]. These studies only examined whole bone mechanical be-
havior and estimated apparent level material properties from whole bone tests
and the affect of crystallinity on tissue-level properties has not been studied.
The goal of the current study was to understand the effects of crystallinity
on tissue-level material properties and whole bone mechanical behavior in an in
vivo model. A combination of compositional and mechanical testing method-
ologies at both the whole bone and tissue-level length scales were used to as-
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sess mechanical behavior and composition. Changes in the crystallinity of the
mineral phase could disrupt interfaces between collagen and mineral crystals
changing the material level properties the tissue and ultimately altering whole
bone mechanical behavior [20, 21]. We hypothesized that the changes in crys-
tallinity through in vivo fluoride supplementation would reduce measures of
whole bone mechanical behavior and alter tissue-level material properties inde-
pendent of changes in whole bone geometry and mineralization.
3.2 Methods
62 male Sprague-Dawley rats (Charles River, Wilmington, MA) were divided
into 3 groups at 3 wks of age and started on their respective treatments. The
Control group was given unfluoridated tap water for the duration of the 10
week experiment (n = 20). The F100 and F150 groups were given 100 ppm and
150 ppm fluoride, respectively, in their drinking water as NaF (Sigma-Aldrich,
St. Louis, MO) for the duration of the 10 week experiment (n = 21/group). Fluo-
rochrome injections were given at 28 d, 14 d, and 4 d before euthanasia to distin-
guish 4 tissue age zones, 0-4 d, 5-14 d, 15-28 d, and 29 d+. All procedures were
approved by Cornell Universitys Institutional Animal Care and Use Committee
(IACUC). Serum collected from a subset of animals (n = 10/group) at euthana-
sia was used to validate increased serum fluoride levels using a fluoride ion
selective electrode [27]. To every 950 µL of serum, 50 µL of TISAB III (Sigma-
Aldrich, St. Louis, MO) was added and vortexed. The fluoride electrode was
calibrated using known dilutions of 100, 10, 1, 0.1, 0.01 ppm fluoride solutions.
The voltage was allowed to stabilize for 4 minutes then recorded. Samples were
measured in a similar fashion. Left and right femurs were removed and stored
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in saline soaked gauze at -20 degC until use.
3.2.1 Whole bone testing
All soft tissue was removed from right femurs. Femurs were scanned using
microCT with a 25 µm isotropic voxel size (eXplore CT 120, GE Healthcare,
Waukesha, WI). All bones were scanned at 80 kV, 32 mA, 100 msec exposure
with 1 image every 0.5 for 360. Mineral density was calibrated according to
the manufacturer using a calibration phantom with SB3 which has a mineral
density of 1073 mg/cc. Femur lengths were measured from microCT scans.
Tissue mineral density, tissue mineral content, cortical area, the moment of in-
ertia about the medial-lateral axis were calculated for a 3 mm thick volume of
interest from the midshaft of the femurs (MicroView 2.2, GE Healthcare, Wauke-
sha, WI). Right femurs were then tested to failure in 3 point bending (858 Mini
Bionix, MTS, Eden Prairie, MN) with a fixed span width of 17 mm and a load
rate of 0.05 mm/sec in the anterior-posterior direction. Failure moment, bend-
ing stiffness, and displacement at failure were calculated using the span width
and the load and displacement data from each test.
X-ray Diffraction
After whole bone mechanical testing, a subset of the broken femurs was seg-
ments were used to measure whole bone crystallinity using x-ray diffraction
(XRD) (n=10/group). Diaphyseal regions of the broken femurs were isolated,
cleaned, defatted in a solution of methanol:chloroform, lyophilized, and cryo-
genically milled. XRD spectra of powdered samples were measured from 24◦
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2θ to 38◦ 2θ in step-scan mode, with a step size of 0.02◦ 2θ (Scintag Theta-Theta
X-ray Diffractometer). X-ray diffraction peaks at 25.8◦ 2θ (Miller index 002) and
between 31◦ and 34◦ 2θ (Miller indices 211, 112, 300, 202) were analyzed to quan-
tify changes in crystallinity along the c-axis and perpendicular to the c-axis re-
spectively [28].β002 was the standard deviation of the peak representing the 002
index. For the 4 peaks in the 31-35 2 θ region, all peaks were assumed to be
Gaussian with the same standard deviation, βperp. βperp was iteratively deter-
mined.
3.2.2 tissue-level Properties
Left femurs were used for tissue-level analyses (n = 5/group). Soft tissue was
removed and femurs were dehydrated in ascending concentrations of ethanol
then embedded in polymethylmethacrylate. 3 mm thick sections from the mid-
diaphysis were removed and polished anhydrously [6]. For each sample, 5 in-
dentations were made with a Berkovich tip in the middle of the zones defined
by the tetracycline labels (Triboindenter, Hysitron, Minneapolis, MN). Indents
were created using a two-trapezoidal load function with peak loads of 500 and
1000 µN (load rate± 50µN, 10s hold time). The indentation modulus (Ei) and
hardness (H) were calculated from the 500µN load-displacement curve [29].
The 1000 µN load indentations created fiduciary marks so that Raman spec-
troscopic measurements could be co-localized. Raman spectra were collected
at the nanoindentation sites using an optical microscope (inVia, Renishaw,
Gloucestershire, UK) equipped with a 785 nm laser and 50 x, 0.75 NA objective.
The resulting spot size was 2 µm. At each location 3 acquisitions each with 10 s
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exposures were averaged. Spectra were background subtracted and smoothed
(WiRE V2.0, Renishaw; in-house Matlab code, The Mathworks). Tissue miner-
alization was examined using the peak height ratio of the phosphate ν1 ( 1650
cm−1) and CH2 wag peak (1450 cm−1). Mineral crystallinity was examined based
on the full width half at half the maximum (FWHM) and peak position of the
phosphate ν1 peak (960 cm−1) [23]. Spectra with large backgrounds due to aut-
ofluorescence of the tissue were removed.
3.2.3 Statistical Methods
A one-way analysis of variance with Tukey-Kramer post-hoc was used to iden-
tify differences in whole bone outcome measures between all groups (JMP 9.0.2,
SAS Institute). For tissue-level outcomes, a two-way ANOVA was performed
with tissue age zone and treatment group as main effects to determine differ-
ences in Ei, H, mineral:matrix ratio, and FWHM of the phosphate peak. Linear
regressions determined the correlations between both whole bone composition
and mechanical behavior, and whole bone geometric measures and mechanical
behavior.
3.3 Results
Ten weeks of fluoride supplementation increased serum fluoride levels and did
not alter cortical bone geometry or average whole bone mineralization as mea-
sured by microCT (Figure 3.1). Specifically, the cross sectional area, moment of
inertia and tissue mineral density did not change in the mid-diaphysis. Overall
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Figure 3.1: Cortical area of the mid-diaphysis of the femur, femur length,
and tissue mineral density as measured from microCT. Mean ±
standard deviation. ∗ different from Control. # different from
F100.
femur length decreased with fluoride treatment. The F100 and F150 groups had
3% and 6% shorter femurs than controls. Fluoride supplementation reduced
whole bone mechanical behavior as measured by the bending stiffness and fail-
ure moment (Figure 3.2). The bending stiffness (EI) was reduced 19% and 38%
in the F100 and F150 groups respectively. The failure moment was reduced by
17% and 29% in the F100 and F150 groups, respectively. Fluoride treatment
also increased the deformation at failure by 44% and 78% in the F100 and F150
groups compared to Controls. In vivo fluoride supplementation increased bone
mineral crystallinity in a crystallographic direction specific manner (Figure 3.3).
Crystallinity along the c-axis of the hydroxyapatite crystals did not change with
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Figure 3.2: Results of whole bone bending tests. Displacement at failure
increased with fluoride treatment while the bending stiffness
and failure moments decreased. Mean ± standard deviation. ∗
different from Control, # different from F100, p ≤ 0.05.
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Figure 3.3: FWHM of peaks from XRD indicative of crystallinity along the
c axis and ab axis. Mean ± standard deviation. ∗ different from
Control, # different from F100, p ≤ 0.05.
fluoride treatment as measured by XRD. However, the crystallinity perpendic-
ular to the c-axis increased 8%-9% with fluoride treatment.
3.3.1 Tissue-level results
Tissue-level material properties, the indentation modulus and hardness, fol-
lowed similar trends across the cortex with tissue age (Figure 3.4). Fluoride
status was a significant factor for both the indentation modulus and hardness.
The F100 group had larger indentation modulus and hardness than the Con-
trol and F150 groups, the Control and F150 group values were not different.
Tissue age zone was also a significant factor for both the indentation modulus
and hardness. Both parameters increased with increasing tissue age. Effects of
tissue age zone did not change with treatment. Both experimental group and
tissue age zones were significant factors for tissue-level mineralization (Figure
3.5). The mineral:matrix ratio increased with increasing tissue age, and the F100
group had a higher mineral:matrix ratio than the Control and F150 groups. Ad-
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ditionally, the effect of fluoride treatment differed by tissue age zone for the min-
eral:matrix ratio. In the 15-28 d tissue, the mineralization of the F100 group was
higher than that of the Control group. The FWHM of the phosphate peak from
Raman spectroscopy did not change with fluoride treatment. FWHM decreased
with tissue age: the in the intracortical tissue (4-29d+) was more crystalline com-
pared to the youngest tissue (0-4d). The peak position of the phosphate ν1 peak
increased in both fluoride treated groups compared with Controls.
3.3.2 Predicting whole bone mechanical behavior
Whole bone mechanical behavior outcomes were predicted using measures of
whole bone geometry, mineralization, and crystallinity (Figure 3.6). Averaged
tissue-level parameters were not significant predictors of the bending stiffness
or the failure moment. For the subset of femurs used for XRD, the best predic-
tor for the failure moment and bending stiffness was femur length, predicting
35% and 32% of the variability in each outcome measure, respectively. XRD
crystallinity measurements with femur length improved the prediction for the
failure moment (r2 = 0.49) however it did not improve the prediction for the
bending stiffness.
3.4 Discussion
Measures of whole bone mechanical behavior, bending stiffness and failure mo-
ment, were reduced in fluoride treated rats. Similar to previous studies the
whole bone bending stiffness and failure moment were reduced while the de-
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Figure 3.4: Indentation modulus and hardness as a function of tissue age
in days. Indentation modulus and hardness depended on tis-
sue age but not fluoride treatment. Mean ± standard deviation.
1 indicates different from 0-4 day tissue p ≤ 0.05.
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Figure 3.5: Mineral to matrix ratio, FWHM and peak position of the phos-
phate 1 peak as a function of age. All Raman parameters were
different in the youngest tissue (0-4 d) compared to the intra-
cortical tissue. The mineral:matrix ratio was larger in the F100
group compared to Control and F150. There were no group de-
pendent differences in the FWHM. The peak position shifted
to higher wave numbers with fluoride treatment. 1: different
from 0-4 d, 2: different from 5-14 d, 3: different from 15-28 d, p
≤ 0.05.
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Figure 3.6: Linear regression for the bending stiffness and failure moment
using femur length. Multiple regressions for bending stiff-
ness and failure moment using femur length and ab axis crys-
tallinity as predictors.
formation to failure increased [23, 24, 26]. The best predictor for the failure
moment and bending stiffness was femur length. Femur length was reduced
proportional to fluoride treatment and was likely indicative of overall fluoride
status. In the current study, despite comparable cross-sectional areas and whole
bone mineralization, local tissue material properties were not significant pre-
dictors of whole bone mechanical behavior, suggesting the relationship between
nanoscale and whole bone mechanical behavior was dominated by the response
of microstructural features or not captured by nanoindentation measures.
Whole bone mineralization as measured by TMD and tissue-level mineral-
ization measurements had similar trends, the F100 group was more mineralized
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than the Control and F150 groups. However, the differences in TMD did not
reach significance. The intermediate dose of fluoride (100 ppm) increased the
mineral:matrix ratio compared to animas given 150 ppm or 0 ppm fluoride. The
indentation modulus and hardness also increased in the F100 group in accord
with previously established correlations between material properties and min-
eralization [17–19]. Clear dose and duration dependent effects of fluoride are
evident, as lower doses or shorter exposure times do not change mechanical be-
havior [30–32]. The non-monotonic change in material properties with fluoride
could be attributed to the dose sensitivity of fluoride induced effects.
Similar non-monotonic dose-dependent changes in the hardness of cortical
bone from fluoride treated rats has been found previously, but whole bone me-
chanical behavior was not concurrently examined [33]. The hardness of the 30
ppm group increased while those of the 90 ppm and 120 ppm groups were
not different with respect to the Control group. The only other study to ex-
amine tissue-level material properties from fluoride treated animals measured
the elastic moduli of fluoride treated rabbit cortical bone using acoustic velocity
measurements [34]. No changes in elastic moduli from acoustic velocity mea-
surements were detected despite changes in whole bone stiffness and strength.
Architectural features of the tissue that lie between the length scales of nanoin-
dentation and whole bone testing and could have been affected by crystallinity
changes and contributed to changes in whole bone mechanical behavior. In-
terfibrillar strain has been shown to facilitate the majority of macroscopic tissue
strain [35], and changes in crystallinity could have altered the interfibrillar bind-
ing with extra fibrillar matrix perturbing the elastic response of the matrix.
Raman spectroscopy has been used in vitro previously to examine changes in
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fluoride induced crystallinity changes. Both a decrease in the FWHM and shift
of the phosphate ν1 peak were found after in vitro exposure of mouse cortical
bone to a fluoride solution for 12 hours [23]. The exact mechanisms by which
fluoride is incorporated into bone tissue are not well understood; however evi-
dence suggests both a biologically mediated process as well as a physiochemical
process [36–40]. Thus the effects on crystal size, lattice strain, or lattice substi-
tutions could differ between in vivo and in vitro fluoridation. Changes in any
one aspect of crystallinity could manifest themselves as different spectroscopic
changes.
The ductility of cortical bone increased 44-78% in fluoride treated animals. In
this study fluoride supplementation was expected to alter the mineral phase of
the bone. Post-yield behavior and toughness have been primarily related to the
collagenous component of bone [41, 42]. Mouse models with altered collagen
matrices such as the oim/oim and SAMP6 mice, have different collagen abnor-
malities but in both models, the whole bone failure strain decreased [43, 44].
The strain to failure of tension tests of demineralized bones from both strains
of mice were not different from controls suggesting the mineral component or
the interface between the mineral and collagen compromised thus and altered
the mechanical behavior of undemineralized bones. From molecular dynamics
simulation, changes in crystallite size alter the bonding with collagen molecules,
and ultimately the tensile modulus [20]. Changes to either the mineral or col-
lagen could disturb the interaction between mineral particles and collagen or
the extra-fibrillar matrix which may be key elements of whole bone mechanical
behavior.
Fluoride reduced bending stiffness and failure moment without altering cor-
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tical geometry or mineralization suggesting the differences in whole bone be-
havior were due to fluoride induced changes in tissue mechanical properties.
Surprisingly there were no differences in indentation modulus or hardness with
fluoride treatment. The lack of correlations between whole bone and tissue-level
mechanical behavior could be attributed to differences in sample preparation.
The effects of fluoride treatment on nanoindentation measures could have been
masked by the required sample dehydration and embedding process. To reduce
surface roughness effects on nanoindentation measurements, samples must be
dehydrated and embedded [45], while for whole bone bending samples are
not chemically treated and constantly hydrated with phosphate buffered saline.
Sample dehydration alone affects both the elastic and plastic response of bone
tissue. Dehydration increases the indentation modulus and hardness as mea-
sured by nanoindentation [46–48]. For cortical beam samples, dehydration in-
creases strength and decreases the displacement at failure [49, 50]. Dehydration
clearly affects both the elastic and plastic response of bone tissue and could have
obscured fluoride induced differences in indentation modulus and hardness.
Additionally, the lack of correlations between whole bone and tissue-level
mechanical properties could be due to the difference in stress states caused by
nanoindentation and three point bending. For a whole bone loaded in three
point bending with a positive moment, failure starts at the lower periosteal sur-
face because the tensile stresses exceed the ultimate tensile strength of bone be-
fore the ultimate compressive strength is exceeded. The tensile stress initiates a
crack on the lower periosteal surface that propagates through the cortex. Based
on the elastic contact of a sphere and a plane surface, the stress in the direction
of loading is a compressive stress that is larger than the in-plane compressive
stresses [51]. Because the stress is not hydrostatic for nanoindentation, the ma-
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terial beneath the indenter tip is under compressive and shear stresses. The
impact of differing stress states on bone tissue have been demonstrated by the
presence of different forms of microdamage associated with tensile and com-
pressive stresses [52, 53]. Plastic deformation mechanisms for nanoindentation
and three point bending are likely not the same and could be affected differently
by the compositional changes induced by fluoride supplementation.
A limitation of using fluoride supplementation is that fluoride related
changes in bone composition and mechanical behavior vary across species,
dose, and exposure duration [38]. At larger doses detrimental systemic effects
have been observed in addition to changes to bone mechanical behavior such
as in cases of fluoride toxicity [54]. Due to the multifaceted action of fluoride,
both reductions in mineralization due to increased mineralization lag times and
increased in mineralization have been documented [55]. Therefore comparisons
with other studies using different animals, or vastly different doses and experi-
mental duration must be made with caution. Fluoride treatment in growing rats
reduced measures of whole bone mechanical behavior independent of changes
in cross-sectional geometry or mineralization of the cortex. Contrary to our hy-
pothesis, the reduction of the bending stiffness and failure moment were not
accompanied by similar changes to the intrinsic mechanical properties as mea-
sured by nanoindentation. The indents, which sampled volumes of tissue ap-
proximately 1 µm3, were smaller than most microstructural features, suggesting
that the behavior of interfaces between microstructural components may influ-
ence whole bone mechanical behavior and failure more than the individual mi-
crostructural constituents. Although a correlation between material properties
and whole bone mechanical behavior in fluoride treated animals was not found
in this study, examination of intermediate length scales could delineate a mech-
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anism through which fluoride induced changes in crystallinity affect material
properties and ultimately whole bone mechanical behavior.
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CHAPTER 4
REDUCED TISSUE-LEVEL STIFFNESS ANDMINERALIZATION IN
OSTEOPOROTIC CANCELLOUS BONE
4.1 Introduction
The skeleton is a dynamic organ with temporal and spatial variations in com-
position, microarchitecture, and bone mass. In the healthy skeleton, variations
in microarchitecture and tissue-level properties contribute to toughness and ef-
ficient load bearing ability [1]. Metabolic bone diseases such as osteoporosis can
negatively alter bone composition and architecture. Changes due to osteoporo-
sis are of particular interest because more than 2 million fragility fractures occur
in men and women annually [2]. Osteoporosis was initially characterized as a
disease of reduced bone mass. However, osteoporosis is now known to not only
reduce bone mass, but also change trabecular architecture, and alter bone tissue
composition, ultimately making the bone more susceptible to fracture [3–5].
Areal bone mineral density (aBMD) as measured by dual-energy x-ray ab-
sorptiometry (DXA) is commonly used to assess fracture risk but has limited
ability to predict fractures [6, 7]. The disconnect between fracture risk and
aBMD suggests that changes at the material level, in addition to the reduc-
tion in bone mass could contribute to the increased fragility of primarily cancel-
lous skeletal sites. A variety of compositional changes in cancellous bone have
been reported previously associated with fragility-related fractures and osteo-
porosis. Cancellous bone biopsies from donors with previous fragility fractures
had different ratios of nonreducible/reducible collagen cross-links compared
with samples from donors without fractures [8] and decreased mineralization
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and carbonate substitution heterogeneity [5]. Reduced bone mineralization [9],
and increased carbonate substitution and crystallinity have also been associated
with osteoporosis [10, 11]. The previously mentioned studies provided key in-
formation about compositional changes in bone tissue; however, none examined
tissue-level mechanical properties, or the relationship between composition and
material properties. In healthy and vitamin D deficient rodents, tissue compo-
sition has been related to changes in tissue-level mechanical properties [12–16];
however, a limited number of studies have looked at osteoporotic cancellous
bone from humans [17, 18], a relevant application of clinical interest.
The goal of this study was to examine the effects of osteoporosis on cancel-
lous bone composition and mechanical properties at the tissue-level length scale
and correlate changes in mechanical properties with changes in tissue compo-
sition at a site prone to fracture clinically. DXA scans of the L1-L4 vertebrae
were performed on spine segments from female cadavers ranging from age 58
to 92 years to determine osteoporotic status based on T-scores. Cores of trabec-
ular bone from the T12 vertebrae were prepared for tissue-level analyses. Com-
positional parameters (mineral:matrix ratio, crystallinity, and B-type carbonate
substitution) were measured using Raman microspectroscopy. Mechanical pa-
rameters (indentation modulus and hardness) were measured on the same cores
using nanoindentation. Compositional and mechanical parameters were com-
pared and correlated as a function of T-score.
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4.2 Materials and Methods
Spine segments were obtained from 11 female donors aged from 58 to 92 years.
The areal bone mineral density (aBMD) was determined from DXA scans of
the L1-L4 vertebrae (n = 10) (Delphi QDR 4500A or QDR 4500W, Hologic Inc.,
Bedford, MA). Based on the aBMD for each sample, the associated T-score was
computed [19]. The Osteoporotic group had 6 samples, all of which had T-
scores of -2.5 or below. Four samples with T-scores greater than -2.5 were in
the Not Osteoporotic group. The T-score for one sample could not be calcu-
lated due to a missing L1 vertebrae, this sample was still used for tissue-level
measurements. After scanning, a cylindrical core (diameter = 8.25 mm) was
drilled from the centrum of each T12 vertebra (n = 11). The cores were dehy-
drated in a series of increasing ethanol concentrations and embedded in poly-
methylmethacrylate (PMMA). A 3-mm thick longitudinal section was removed
from the central region of each core with a diamond sectioning saw and glued
onto an atomic force microscope (AFM) stub. The samples were polished anhy-
drously on silicon carbide polishing paper lubricated with ethylene glycol and
aluminum oxide-ethylene glycol slurries until the RMS surface roughness mea-
sured by AFM (Dimension 3100 Ambient AFM, Veeco, Plainview, NY) was less
than 10 nm for a 5 µm by 5 µm region [20].
For each sample, three longitudinally oriented trabeculae were chosen for
both nanoindentation and Raman microspectroscopy. A scanning nanoinden-
ter (Triboindenter, Hysitron, Minneapolis, MN) with a Berkovich tip was used.
Trabecular regions with ruffled edges were avoided to preclude sites of active
remodeling. Using the surface imageing capabilities of the indenter, lines of
indentations were made perpendicular to the longitudinal axis of each trabec-
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ulae, starting and ending 20 µm from the edges. Indentations were made at
10 µm intervals while avoiding lacunae and pores visible on the surface. This
sampling method resulted in 8 indentations per trabeculae. Two loading pro-
tocols yielded different indentation depths. In 4 samples, small indents were
created using a single trapezoidal load function with a maximum load of 500
µN, load/unload rates of ± 50 µN/s, and a hold time of 10 s. The remaining 7
samples were loaded twice in succession with two trapezoidal load forms with
peak loads of 500 and 1000 µN, both with load rates of ± 50 µN/s and 10 s hold
times. For all indents, indentation modulus (Ei) and hardness (H) values were
calculated from the unloading portion of the 500 µN indent using the Oliver-
Pharr method [21]. Indentation modulus and hardness values were averaged,
resulting in a single indentation modulus and hardness value for each sample.
Raman spectra from 800 cm−1 to 1800 cm−1 were collected using an optical mi-
croscope (inVia, Renishaw, Gloucestershire, UK) equipped with a 785-nm laser
and a 50x, 0.75 N.A. objective. The resulting spot size was 2˜ µm. The small
indents were not visible with the microscope, so the laser was positioned at ap-
proximately the same location based on optical images of the samples. The large
indents were visible with the microscope and used to position the laser such that
the Raman spectra were collected from the exact same location as the indent.
After the background fluorescence was subtracted (WiRE V2.0, Renishaw), the
spectra were smoothed using a nine point moving average, and peak heights
were identified using in-house code (Matlab V7.0, The Mathworks, Inc.). Tissue
mineralization was examined using the mineral-to-matrix ratio (mineral:matrix)
calculated from the phosphate ν1 ( 965 cm−1) and CH2 wag ( 1450 cm−1) peak
heights, respectively [22, 23]. Crystallinity was measured based on the full
width at half maximum value of the phosphate ν1 peak, with broader peaks
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represent lower crystallinity [24]. B-Type carbonate substitution was calculated
from the peak height ratio of the carbonate ν1 peak ( 1065cm−1) to phosphate ν1
peak [22, 23].
Relationships between mechanical properties, composition, and age were
assessed using simple and multiple linear regressions (JMP, SAS, Cary, NC).
Differences in compositional and mechanical parameters between the Osteo-
porotic and Not Osteoporotic groups were compared using a Welch‘s ANOVA
to account for sample size differences.
4.3 Results
Samples were divided into two groups based on T-score, Osteoporotic and Not
Osteoporotic, to compare differences in tissue-level properties with osteoporotic
status (Figure 4.1). The average age of the osteoporotic group (79.7 ± 11 yrs) was
higher than the Not Osteoporotic group (66.5 ± 8 yrs) (p = 0.064). The Osteo-
porotic group had a 14% lower indentation modulus (p = 0.029) and 21% lower
mineral:matrix ratio (p = 0.046) than the Not Osteoporotic group. Hardness was
not different between the two groups (p = 0.623).
Relationships between tissue-level composition and material properties
were examined using simple and multiple linear regressions (Table 4.1). The
indentation modulus increased with rising mineral:matrix ratio (r2 = 0.47, p=
0.02) but hardness did not (Figure 4.2, Table 4.1). Though crystallinity and car-
bonate substitution were not significant predictors of either nanoindentation
outcome individually, crystallinity in addition to the mineral:matrix ratio con-
currently explained 56% of the variability in indentation modulus (R2 = 0.56,
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Figure 4.1: a) Age, b) mineral:matrix ratio, c) indentation modulus, d)
hardness for the Not Osteoporotic and Osteoporotic groups.
Data are presented as mean ± standard deviation. ∗ indicates
different from Not Osteoporotic, p ≤ 0.05
p = 0.02) (Table 4.2). Carbonate substitution in addition to the mineral:matrix
ratio explained 38% of the variability in hardness but was still not significant
(R2 = 0.38, p = 0.06) (Table 4.2). Combining all three compositional metrics did
not improve the prediction of indentation modulus compared with crystallinity
and mineral:matrix ratio.
Changes in age and aBMD with tissue-level parameters were investigated
using simple linear regressions. The only tissue-level measurement that varied
with donor age was tissue mineralization as measured by Raman spectroscopy,
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Figure 4.2: Linear regressions of a) indentation modulus and b) hardness
with tissue mineralization. Changes in hardness were not asso-
ciated with changes in the mineral:matrix ratio, the indentation
modulus increased with increasing mineralization.
Table 4.1: Correlation coefficients, coefficients of determination, and p-
values for multiple linear regressions of tissue-level properties
and aBMD
Dependent Variable Independent Variable R2 p
Ei Mineral:Matrix, Crystallinity 0.56 0.015
H Mineral:Matrix, Carbonate Substitution 0.38 0.062
Table 4.2: Adjusted coefficients of determination and associated p-values
for simple linear regressions to predict tissue-level mechanical
properties.
Predictor Response r r2 p
Mineral:Matrix Age -0.60 0.35 0.053
Ei (GPa) BMD L1-L4 0.64 0.41 0.044
Ei (GPa) Mineral:Matrix 0.69 0.47 0.020
H (GPa) Mineral:Matrix 0.36 0.13 0.27
H (GPa) Ei 0.63 0.40 0.036
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Figure 4.3: Linear regression of tissue-level mineralization as measured
by Raman spectroscopy with age. Linear regression of the in-
dentation modulus with mineralization as measured by DXA.
which decreased with age (r2 = 0.35, p = 0.05) (Figure 4.3). Crystallinity, carbon-
ate substitution, indentation modulus, and indentation hardness were not asso-
ciated with age. Finally, relationships between tissue-level outcome measures
and aBMD were investigated using simple linear regressions. The indentation
modulus increased with rising aBMD (r2 = 0.41, p=0.04) (Figure 4.3). No other
tissue-level outcome measures varied with aBMD.
4.4 Discussion
The two goals of this study were to (1) investigate changes in tissue-level com-
position and mechanical properties with osteoporosis and (2) determine the re-
lationship between composition and tissue-level mechanical properties in hu-
man cancellous bone from a clinically relevant fracture site. Osteoporotic sta-
tus was based on T-scores from DXA scans, and tissue-level analyses were per-
formed on samples from the same vertebrae as those scanned using DXA. The
T12 vertebra was chosen for material property analysis, as osteoporotic verte-
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bral fractures often occur in the lower thoracic and upper lumbar spine regions
[25, 26]. The indentation modulus and mineral:matrix ratio of the Osteoporotic
group were reduced compared to the Not Osteoporotic group. In relating com-
positional measures with mechanical properties, the mineral:matrix ratio best
predicted both the indentation modulus and hardness, and the addition of other
compositional measures, crystallinity and B-type carbonate substitution, im-
proved the prediction for the indentation modulus and hardness, respectively.
In the current study, samples from osteoporotic individuals had lower tis-
sue indentation modulus and reduced mineralization than samples from nor-
mal and osteopenic donors (T-scores larger than -2.5). Previous studies have re-
ported nanoindentation outcomes to be insensitive to fragility fracture [17] and
menopause [18]. However, these studies examined cancellous bone samples
from the iliac crest, and osteoporosis was not confirmed in any of the donors
post-menopause. Previously, carbonate substitution was found to be higher
in cancellous bone from donors who had a fragility fracture compared to age-
matched samples without fragility fractures [11], but the mechanical properties
were not measured. Compositional changes would likely alter tissue-level me-
chanical properties as correlations between composition and mechanical prop-
erties have been previously demonstrated in rodent tissue [12, 13, 15, 27].
The change in material properties with osteoporosis found in the current
study suggests the importance of anatomic location-specific changes in bone
tissue due to osteoporosis. However results vary even for compositional vari-
ation across skeletal sites in healthy bone [28]. Though bone mineral density
distributions may be similar, the composition of the organic matrix may not
be uniform across skeletal sites [29, 30]. Cancellous bone mineralization mea-
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surements from iliac crest samples were poor predictors of vertebral strength
indicating that the composition of cancellous bone is location specific [31]. Fur-
thermore, osteoporosis may cause region-specific compositional changes. The
more sites with low bone mass an individual has, the larger their fracture risk
becomes [32]. By the time a person experiences a fragility fracture, aBMD along
with other compositional parameters may be altered in the majority of cancel-
lous locations. Thus, sites not usually susceptible to fracture, such as the iliac
crest, have measureable differences in composition.
One limitation of this study was that osteoporotic status was determined
solely from aBMD as measured by DXA, which does not always predict fracture
[33, 34]. In despite of this, aBMD is a clinically relevant and widely used crite-
rion for diagnosing osteoporosis. Another limitation was that collagen cross-
linking data was not computed from the Raman spectra due to overlapping
peaks from the embedding medium. Collagen cross-linking has been related
to the tissue-level mechanical properties of bone [35, 36] and osteoporosis al-
ters cross-linking ratios [8, 37]. Choosing a different embedding medium or
using FTIR instead of Raman spectroscopy would allow the assessment of col-
lagen maturity through cross-linking ratios and could improve predictions for
mechanical properties. Another limitation of this study was that a relatively
small volume of tissue was examined for the tissue properties due to the time-
intensive nature of data collection. To ensure that the sites selected for tissue-
level analyses were representative of the majority of the tissue, care was taken
to avoid trabeculae with scalloped surfaces indicative of active remodeling.
This study is the first to examine osteoporotic cancellous bone composition
and mechanical properties from a site prone to osteoporotic fracture. The in-
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dentation modulus was reduced in osteoporotic human cancellous bone from a
lower thoracic vertebra. The reduced indentation modulus coincided with de-
creased mineralization and increased crystallinity and carbonate substitution.
Whole bone strength depends on bone mass, architecture and material proper-
ties. Bone volume fraction, as measured by micro-computed tomography scans
predicts 73-97% of the ultimate stress and Young‘s Modulus of vertebral cancel-
lous bone [38–40]. Because material properties are independent of bone mass
and architecture metrics, the differences in material properties between osteo-
porotic and non-osteoporotic bone tissue could contribute to the remaining 3-
27% of the variability in apparent level strength and stiffness. Future work ex-
amining cancellous architecture and apparent level mechanical properties con-
currently with tissue-level properties will provide a complete quantitative as-
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SUMMARY AND FUTURE DIRECTIONS
5.1 Summary
Osteoporosis compromises the mechanical integrity of bone, leading to reduced
bone strength and increased fracture risk. From an engineering standpoint,
whole bone strength depends on the bone mass, geometry, and material prop-
erties of the bone tissue. In addition to the detrimental changes in bone mass
and geometry, osteoporosis also alters bone composition [1–3]. Changes in tis-
sue composition are thought to reflect changes in bone mechanical properties,
however, few studies examining compositional changes with osteoporosis have
simultaneously investigated mechanical properties. Furthermore, few studies
that use nanoindentation relate tissue-level measures to whole bone mechanical
behavior. Thus the objectives of this work were first to determine the effects
of two specific compositional changes that are associated with aging and osteo-
porosis, mineralization and crystallinity, and second, examine osteoporosis re-
lated changes in tissue-level composition and mechanical properties of human
cancellous bone.
To investigate individual compositional changes, two different in vivo mod-
els were used. First vitamin D deficiency in growing rats was used to reduce
cortical bone tissue mineralization. Whole bone mechanical behavior as indi-
cated by the failure moment and bending stiffness were lower in vitamin D
deficient animals. Mineralization, cortical cross-sectional area, and moment
of inertia as measured by microCT, were also reduced in the vitamin D defi-
cient groups. For tissue-level measures, the indentation modulus and hardness,
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as measured by nanoindentation, increased with tissue age and mineralization
measured by Raman spectroscopy. Correlations between mechanical behavior
and mineralization at the tissue and whole bone levels were present. However,
average tissue-level mechanical properties did not correlate with whole bone
mechanical behavior. To take into account the heterogeneity in mineralization
throughout the cortex, this study used nanoindentation-derived material prop-
erties and composite beam theory to calculate a density weighted section mod-
ulus. The section moduli calculated using composite beam theory incorporate
geometric and tissue-level properties and ultimately improved the predictions
for measures of whole bone mechanical behavior compared to average mechan-
ical properties. Although FEA predicts whole bone mechanical behavior very
well (70-89% of the variability in failure load [4, 5]), the method proposed in
this study that uses composite beam theory predicted 80% of the variability in
failure moment while using far less computational power and time.
Altered crystallinity of bone tissue has been reported in diseases such as
osteoporosis and osteogenesis imperfecta, both of which are known to reduce
whole bone strength [1, 6]. To isolate the effects of crystallinity on whole bone
mechanical behavior, growing rodents were given fluoride to increase mineral
crystallinity with minimal changes to other compositional parameters. Crys-
tallinity was measured by XRD and increased in fluoride-treated animals. Mea-
sures of whole bone mechanical behavior were lower in fluoride treated ani-
mals with no associated changes in cross-sectional geometry or mineralization
based on microCT scans. The lack of correlation between cortical geometry and
whole bone mechanical behavior suggested a difference in tissue-level mechan-
ical properties were responsible for the reduced bending stiffness and failure
moment of the fluoride treated animals. At the tissue-level, indentation modu-
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lus and hardness from nanoindentation were not different with fluoride treat-
ment, thus whole bone mechanical behavior and nanoindentation parameters
were not correlated. The discrepancies between tissue-level and whole bone
mechanical behavior could indicate that interfaces between microstructural fea-
tures are contributors to whole bone mechanical behavior or that the mechanical
behavior of bone is sensitive to the specific loading mode and stress state of the
tissue.
The third portion of this research involved a more clinically oriented ques-
tion. Previously, studies found tissue-level properties were not different in
donors with fragility fractures or post menopause [7, 8]; however, tissue was
examined from the iliac crest, a skeletal site not prone to osteoporotic fractures.
Thus in the third study, tissue-level composition and mechanical properties of
human vertebral cancellous from a fracture prone location bone were examined.
Donors were divided into two groups, osteoporotic and not osteoporotic, based
on T-scores from DXA scans. Samples with T-scores below -2.5 were considered
osteoporotic and samples with T-scores greater than -2.5 were considered not
osteoporotic. The indentation modulus was lower in samples from individuals
with osteoporosis, and mineralization trended towards being lower compared
with samples from normal/osteopenic individuals. Similar to previous studies
examining tissue-level composition and mechanical properties, the tissue-level
mechanical properties were correlated with spectroscopic measures of compo-
sition [9–11]. Although this study did not test apparent or whole bone level
mechanical behavior, the reduced indentation modulus of osteoporotic samples
could contribute to the well-documented increased fragility of cancellous bone
in osteoporotic individuals.
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The first two studies presented in this body of work used animal models
to examine the effect of individual compositional changes that have been asso-
ciated with osteoporosis and aging, mineralization and crystallinity. Reduced
mineralization and increased crystallinity are fundamentally different changes
to the mineral phase of bone tissue, but both profoundly reduced measures of
whole bone mechanical behavior thus underlining the importance of composi-
tion when optimizing therapies for osteoporosis. Despite bone’s hierarchical na-
ture, the majority of studies investigating composition and mechanical behavior
have only focused on a single length scale. The two animal studies simultane-
ously examined whole bone and tissue-level mechanical behavior of bone. In
the case of altered mineralization, microCT scans and composite beam theory
were used to take into account the effects of heterogeneous mineralization when
predicting whole bone mechanical behavior.
To our knowledge the third study is the first to investigate tissue-level prop-
erties of osteoporotic cancellous bone from a fracture prone location. The in-
dentation modulus was lower in the osteoporotic group and correlated with
changes in mineralization and crystallinity. The differences in tissue-level me-
chanical behavior could contribute to the changes reported in apparent level
strength and stiffness of osteoporotic cancellous bone independent of bone mass
and trabecular architecture. Future studies that test length scales in between
nanoindentation and whole bone could further clarify the role of microstruc-
tural features and interfaces on whole bone mechanical performance. Further-
more, the contribution of changes to the organic phase of bone tissue could be
performed using similar experimental techniques in animal models.
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5.2 Future Directions
There are several future directions based on results of the three studies pre-
sented within. The future directions can be divided roughly into three cate-
gories: additional characterization techniques, other perturbations to the min-
eral phase, and assessment of the contribution of collagen to tissue-level me-
chanical properties. Including the contribution of microstructure in conjunction
with nanomechanical properties will improve the understanding of whole bone
mechanical behavior. Carbonate substitution, another compositional change
pertaining to the mineral can be altered in vitro by exposing tissue to carbon
dioxide rich environments and studied using the same techniques used in the
presented studies. Finally the influence of the collagen phase can be investi-
gated using in vitro methods.
First, the source of differences between nanoindentation and apparent level
derived mechanical properties need to be determined. Just as finite element
analysis (FEA) was used to determine reasons for the discrepancies between
apparent level and whole bone derived moduli [12], finite element analysis
could elucidate sources of differences between nanoindentation and apparent
level mechanical properties. Micron-length-scale resolution microCT scans of
microbeam samples could be used to generate FEA models that can account for
pores, lacunae, and blood vessels. However, this approach cannot account for
changes in modulus due to sample dehydration and embedding required for
high resolution nanoindentation.
Dehydration and embedding of cortical and cancellous bone samples are re-
quired to achieve adequately large contact depth to surface roughness ratios for
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nanoindentation [13]. Dehydration alters whole bone mechanical properties,
increasing the strength and decreasing toughness [14, 15]. Dehydration also in-
creases the indentation modulus and hardness as measured by nanoindentation
[16–18], but relative differences in properties between different microstructures
are still distinguishable. Although the exact mechanisms through which hydra-
tion influences mechanical properties are not well understood, water has been
found in key locations within bone matrix. Water occupies vacancies in the hy-
droxyapatite lattice and likely stabilizes the lattice, water molecules on the sur-
face of mineral crystals likely affect interactions of the crystals with collagen and
other proteins [19]. Thus removing the water from bone tissue likely changes
the behavior of individual crystals and mineral-organic interfaces. Larger load
transducers for nanoindenters or devices such as the BioDent can apply loads
on the order of 10 N to the sample, more than 1000 times larger than the inden-
tations used in the current set of studies [20]. Larger loads would create larger
indents with larger contact depths, increasing the acceptable surface roughness
thus negating the necessity for dehydrating and embedding samples. At the ex-
pense of spatial resolution, the bone tissue may be able to respond in a manner
more representative of in vivo behavior.
The importance of the collagen-mineral and collagen-extrafibrillar matrix in-
terfaces have also been suggested as an important contributor to the mechanical
behavior of this natural composite material [6, 21]. Previously, the dependence
of Young‘s modulus on crystal width was demonstrated using molecular dy-
namic modeling [22]. Mineral crystal size is one factor of mineral crystallinity in
addition to crystal perfection and lattice strains. Molecular dynamic modeling
could provide mechanistic answers to how individual aspects of crystallinity,
lattice strain and substitutions, alter the elastic behavior of bone.
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Another method of examining the mechanical behavior of bone tissue be-
low the apparent level is by using wide and small angle x-ray scattering during
uniaxial tension tests. Despite the relative unavailability of systems that can
simultaneous monitor loading and wide and small angle x-ray scattering, the
ability of these systems to provide insights about the multi-scale deformation
of bone tissue cannot be ignored. Previously intrafibrillar and mineral strain
were measured individually during uniaxial tension tests, the majority of tissue
strain was accounted for by intrafibrillar strain rather than mineral strain em-
phasizing the importance of the interface between the mineral and extrafibrillar
matrix [21]. This mechanical loading and x-ray scattering setup could provide
insight regarding the effects of compositional changes on mineral-organic in-
terfaces and corresponding effects on the elastic behavior of bone tissue in a
hydrated environment. Although only normal bovine cortical bone has been
examined using this technique, this experimental setup could also determine
the effects of aging and diseases such as osteoporosis, osteogenesis imperfecta,
and osteopetrosis, on mineral-organic interfaces.
Beyond additional experimental techniques, another physiologically rele-
vant compositional perturbation to the mineral phase could be examined. Car-
bonate substitution increases with age [1, 2] and nanomechanical properties
have been correlated with carbonate substitution [10] [11]. However because
of concomitant changes in mineralization with tissue age, it is difficult to iso-
late the effect of carbonate substitution. Thus establishing the composition-
mechanical behavior relationship for carbonate substitution would be insight-
ful. Independently examining the effect of carbonate substitution on tissue me-
chanical properties experimentally could complement and validate computa-
tion modeling. Unlike mineralization and crystallinity, no simple dietary inter-
108
vention exists to alter primarily carbonate substitution in vivo. In vitro, syn-
thetic hydroxyapatite can be exposed to a heated carbon dioxide environment
[23], or soaked in an aqueous solution saturated with carbon dioxide [24] to alter
carbonate substitution, however these methods also affect crystallinity. Presum-
ably a similar process can alter the carbonate substitution of bone. Once altered,
the same multiscale testing techniques presented in this thesis can be used to
investigate tissue-level and whole bone effects of carbonate substitution.
The studies presented in this thesis focused only on changes to the min-
eral phase. However collagen is the second most abundant constituent of bone
and collagen‘s role is evident at the apparent level, affecting bone strength and
toughness [25, 26]. In vivo rodent models of osteogenesis imperfecta have al-
tered collagen molecules and result in changes to the mechanical behavior bone
[27, 28]. However because of the crucial role the collagen matrix has in min-
eralization, oim mice have associated changes to the mineral phase in addition
to the collagen defects making it difficult to isolate the contributions of just the
collagen.
Because of the coupling between collagen and the mineralization process, in
vitro modifications of bone such as enzymatic digestion, heat denaturation, or
gamma irradiation [25, 26, 29] could explore the contribution of the collagen on
tissue mechanical properties in a more controlled environment. Once samples
are modified using any of the mentioned in vitro methods, samples could be
dehydrated and embedded for high spatial resolution nanoindentation, or sim-
ply polished and tested hydrated using larger loads as suggested above. Since
collagen content does not affect the Young‘s modulus at the apparent level, the
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CHAPTER 6
APPENDIX A: CHAPTER 2 DATA
Table 6.1: Whole bone mechanical testing (3 point bending) and microCT












Diet 1 434 2 D1,1 NP 38.75 13043 453.0 16.19 799.89
Control 434 4 C1 P 41.06 10014 479.2 23.94 877.63
Control 435 1 C2 NP 39.64 20541 713.8 22.33 933.78
Diet 2 435 2 D2,2 P 37.08 12603 477.6 16.91 832.42
Control 435 4 C2 P 39.21 15761 618.2 22.26 916.21
Control 436 1 C3 NP 40.75 13307 731.5 23.00 923.03
Diet 1 436 2 D1,2 NP 40.22 12367 595.4 20.49 881.86
Diet 2 436 3 D2,2 NP 38.49 9596 363.6 15.98 789.73
Control 436 4 C4 NP 39.13 23170 705.3 23.96 968.43
Diet 1 437 1 D1,4 NP 36.83 8865 417.4 16.14 839.62
Diet 1 437 2 D1,5 NP 38.26 13494 484.4 16.35 863.55
Diet 2 437 3 D2,3 NP 37.56 11777 468.1 17.58 864.51
Diet 2 438 2 D2,5 NP 38.97 16642 539.6 19.02 793.11
Diet 1 438 3 D1,2 P 37.1 7687 435.3 14.93 821.47
Diet 1 438 4 D1,3 P 39.11 10942 Sample slip 20.05 882.45
Control 441 1 C6 P 40.33 22852 816.4 26.20 958.56
Diet 1 441 2 D1,6 NP 38.77 19810 564.9 20.24 898.12
Diet 2 441 3 D2,6 NP 37.45 12345 384.3 15.51 859.50
Control 441 4 C7 P 38.81 16941 655.1 20.09 912.83
Control 442 1 C7 NP 39.64 20230 668.6 21.94 951.25
Diet 1 442 2 D1,3 NP 39.62 11822 578.3 19.63 875.45
Diet 2 442 3 D2,1 NP 36.56 6915 358.0 14.94 736.58
Diet 2 442 4 D2,7 NP 39.44 13394 530.1 17.98 851.57
Diet 1 443 2 D1,4 P 39.36 11633 479.4 18.27 832.93
Diet 2 443 3 D2,3 P 37.71 11094 439.2 16.27 810.06
Diet 1 444 2 D1,5 P 36.48 9213 477.5 17.22 826.75
Diet 2 444 3 D2,5 P 39.87 13835 534.0 17.16 838.49
Control 444 4 C5 P 38.66 19753 653.1 21.59 927.76
Control 445 1 C6 NP 40.09 20663 621.9 23.49 945.69
General Info 3pt bend output MicroView
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Table 6.1 continued.
Diet 1 445 2 D1,6 P 39.77 14894 676.8 23.78 914.23
Diet 1 445 3 D1,7 P 38.52 13531 563.8 19.30 914.49
Diet 2 445 4 D2,7 P 38.17 10520 521.7 17.43 860.95
Control 446 1 C8 P 40.7 23359 803.6 24.41 962.64
Diet 1 446 2 D1,7 NP 38.65 8771 451.1 20.08 897.14
Diet 1 446 3 D1,8 P 39.13 13179 550.8 18.80 899.18
Diet 2 446 4 D2,8 NP 38.66 9471 590.2 19.96 844.11
Control 447 1 C9 P 41.27 17918 885.5 25.90 967.08
Diet 1 447 2 D1,8 NP 40.45 11966 473.9 20.72 884.59
Diet 2 447 3 D2,8 P 38.33 11850 513.9 17.03 874.66
Diet 2 447 4 D2,9 NP 37.22 14323 393.6 16.52 857.04
Control 448 1 C10 NP 39.56 16283 733.6 22.64 936.44
Diet 1 448 2 D1,9 NP 36.98 12900 447.5 15.92 866.15
Diet 2 448 3 D2,9 P 39.66 10493 547.9 19.91 865.67
Diet 2 448 4 D2,11 NP 34.32 13003 347.9 16.31 787.43
Control 449 1 C10 P 41.18 17465 726.2 24.23 935.47
Diet 1 449 2 D1,10 NP 37.58 14311 597.9 19.60 885.47
Diet 2 449 3 D2,10 NP 36.72 8111 466.4 15.37 825.34
Diet 2 449 4 D2,11 P 38.42 8257 524.2 18.26 838.04
Control 450 1 C11 NP 40.59 14535 681.1 21.84 924.90
Control 450 2 C11 P 38.33 19372 552.2 22.25 931.65
Diet 1 450 3 D1,11 NP 39.4 14171 595.3 19.91 852.86
Diet 1 450 4 D1,11 P 38.26 15364 533.7 18.64 863.39
Control 472 1 C1 NP 40.72 18027 790.0 25.66 963.72
Diet 2 472 2 D2,1 P 37.88 10448 491.0 16.20 791.87
Diet 1 472 3 D1,1 P 37.81 9519 452.4 16.36 778.94
Control 472 4 C5 NP 40.3 20833 756.8 22.43 914.31
Diet 2 473 1 D2,4 P 37.83 9693 395.1 14.83 848.28
Control 473 2 C3 P 39.29 18847 644.7 22.55 958.62
Diet 2 473 3 D2,4 NP 39.28 9111 484.0 17.30 737.83
Control 473 4 C4 P 39.95 13073 652.9 23.63 925.41
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Table 6.2: Exponentially, linearly, and unweighted moments of inertia and
section moduli from microCT scans for femurs of rats used in









C1 NP 9.03 305.45 58.64 11.10 5.48 28.96 154.66
C1 P 9.25 286.83 71.33 14.97 7.04 33.57 133.41
C10 NP 8.20 225.54 47.28 9.35 5.05 25.56 121.91
C10 P 8.78 304.49 61.94 12.07 6.11 31.36 152.24
C11 NP 8.01 225.67 48.07 9.60 4.99 24.97 112.84
C11 P 8.04 236.37 48.46 9.48 4.86 24.85 126.06
C2 NP 8.18 199.31 43.24 8.60 4.91 24.71 109.21
C2 P 8.24 191.50 41.22 8.24 4.39 21.98 103.51
C3 NP 8.52 277.19 58.69 11.81 5.98 29.72 140.35
C3 P 8.05 194.21 37.35 7.08 3.99 21.04 104.98
C4 NP 8.39 212.20 40.43 7.62 4.48 23.78 121.25
C4 P 8.74 302.72 61.82 12.05 5.60 28.75 139.18
C5 NP 8.32 239.40 50.75 10.01 4.94 25.06 119.70
C5 P 7.89 200.48 41.89 8.39 4.66 23.27 112.95
C6 NP 8.43 244.44 49.15 9.53 5.15 26.57 128.65
C6 P 9.20 321.50 61.32 11.65 5.97 31.45 164.87
C7 NP 7.96 246.36 48.93 9.45 5.04 26.10 129.66
C7 P 7.46 196.12 43.56 8.79 4.75 23.55 103.22
C8 P 8.67 289.31 55.98 10.64 5.39 28.35 148.36
C9 P 9.16 396.10 74.34 13.94 6.56 34.98 188.62
D1,1 NP 6.87 114.74 31.87 7.08 4.10 18.48 65.57
D1,1 P 7.18 99.61 32.69 7.64 4.43 18.95 53.13
D1,10 NP 7.51 186.97 44.03 9.00 4.80 23.48 97.12
D1,11 NP 7.92 191.49 51.90 11.02 5.58 26.28 98.20
D1,11 P 7.32 132.83 35.95 7.67 4.38 20.54 75.90
D1,2 NP 7.82 199.32 47.88 9.79 5.02 24.55 102.21
D1,2 P 6.12 82.95 24.47 5.42 3.23 14.61 49.52
D1,3 NP 7.74 148.17 36.77 7.65 4.31 20.72 84.67
D1,3 P 7.71 201.78 47.64 9.78 5.22 25.41 100.89




D1,4 NP 6.58 111.46 29.65 6.38 3.65 16.94 65.57
D1,4 P 7.50 122.29 35.17 7.71 4.22 19.27 68.90
D1,5 NP 6.42 119.88 31.46 6.72 3.95 18.51 66.60
D1,5 P 7.12 111.31 31.33 6.83 3.79 17.41 63.61
D1,6 NP 7.71 184.70 41.75 8.47 4.70 23.19 102.61
D1,6 P 8.83 275.51 60.03 12.00 5.71 28.59 132.78
D1,7 NP 7.59 136.28 32.99 6.84 4.08 19.70 79.00
D1,7 P 7.16 156.74 34.55 6.99 4.00 19.74 89.57
D1,8 NP 8.01 209.27 50.97 10.56 5.21 25.17 95.12
D1,8 P 7.09 162.38 37.71 7.70 4.10 20.11 81.19
D1,9 NP 6.24 110.31 29.26 6.20 3.45 16.26 57.31
D2,1 NP 6.88 79.25 28.77 6.76 3.81 16.21 43.43
D2,1 P 6.94 103.10 35.02 8.06 4.48 19.45 57.28
D2,10 NP 6.32 102.89 31.82 6.93 3.85 17.68 57.97
D2,11 NP 7.03 86.89 27.52 6.18 3.58 15.95 51.87
D2,11 P 7.46 148.23 40.83 8.72 4.53 21.21 78.01
D2,2 NP 6.86 108.36 33.36 7.68 4.21 18.28 61.92
D2,2 P 6.89 104.34 30.20 6.52 3.84 17.76 62.29
D2,3 NP 6.90 122.14 30.63 6.41 3.66 17.50 72.92
D2,3 P 6.82 94.93 28.32 6.42 3.61 15.95 55.03
D2,4 NP 7.95 116.01 42.53 10.27 5.07 21.00 60.26
D2,4 P 5.98 102.84 26.38 5.67 3.24 15.08 61.40
D2,5 NP 8.20 174.25 50.63 11.75 5.80 25.00 89.36
D2,5 P 6.94 145.38 38.75 8.31 4.55 21.23 79.66
D2,6 NP 6.12 98.75 25.56 5.43 3.29 15.49 58.09
D2,7 NP 7.16 141.46 39.18 8.35 4.58 21.47 70.73
D2,7 P 6.87 138.63 34.92 7.34 4.13 19.67 79.22
D2,8 NP 8.08 165.41 45.56 9.66 5.02 23.67 88.22
D2,8 P 6.55 133.10 33.48 7.01 4.00 19.13 71.95
D2,9 NP 6.54 124.42 31.66 6.66 3.98 18.90 70.10
D2,9 P 7.80 193.78 48.08 10.08 5.17 24.66 99.37
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Table 6.3: Means and standard deviations of tissue-level mechanical prop-


















Control C2 1 5.87 0.25 0.32 0.01 0.50 0.04 0.14 0.02
Control C2 2 28.29 8.71 1.00 0.30 6.95 0.87 0.16 0.01
Control C2 3 29.73 4.61 1.15 0.27 7.93 0.48 0.19 0.00
Control C2 4 34.22 1.61 1.30 0.04 9.81 0.61 0.21 0.01
Control C3 1 15.69 7.19 0.62 0.31 4.31 1.45 0.15 0.03
Control C3 2 29.80 7.04 1.22 0.18 4.48 0.35 0.19 0.08
Control C3 3 32.50 2.44 1.28 0.12 9.40 0.91 0.18 0.00
Control C3 4 34.51 2.37 1.38 0.21 9.87 0.53 0.19 0.01
Control C4 1 7.47 1.19 0.26 0.06 1.76 0.27 0.10 0.03
Control C4 3 29.72 2.51 1.16 0.14 6.89 0.78 0.16 0.01
Control C4 2 30.05 1.85 1.04 0.07 6.65 0.73 0.14 0.01
Control C4 4 33.57 2.15 1.26 0.09 9.25 0.62 0.17 0.01
Control C6 1 5.04 0.27 0.29 0.03 0.65 0.02 0.14 0.01
Control C6 4 20.76 2.29 1.05 0.13 9.53 0.59 0.20 0.01
Control C6 2 23.40 2.22 1.10 0.10 7.65 0.32 0.17 0.01
Control C6 3 24.00 0.78 1.16 0.09 6.11 2.67 0.18 0.02
Mild D11 1 5.47 0.21 0.27 0.02 0.82 0.10 0.10 0.04
Mild D11 2 11.80 4.20 0.50 0.18 3.97 0.47 0.12 0.00
Mild D11 4 32.04 3.79 1.21 0.24 9.51 0.69 0.18 0.01
Mild D11 3 34.01 2.38 1.34 0.09 7.40 0.37 0.19 0.02
Mild D12 1 6.66 0.81 0.40 0.09 0.77 0.12 0.15 0.05
Mild D12 2 28.15 4.06 1.28 0.13 5.43 0.31 0.15 0.01
Mild D12 3 28.79 2.44 1.18 0.09 4.62 0.68 0.18 0.04
Mild D12 4 33.46 0.63 1.35 0.07 6.26 1.02 6.26 1.02
Mild D13 1 5.98 0.69 0.31 0.04 0.70 0.02 0.13 0.03
Mild D13 2 16.69 3.23 0.69 0.13 2.41 0.18 0.12 0.01
Mild D13 3 23.44 3.13 1.02 0.08 4.34 0.31 0.16 0.02
Mild D13 4 27.21 5.06 1.00 0.16 5.46 1.44 0.14 0.01
Mild D14 1 15.19 5.39 0.71 0.35 0.60 0.18 0.60 0.18
Mild D14 3 30.02 2.78 1.24 0.12 7.64 0.57 0.18 0.01
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Table 6.3 continued.
Mild D14 4 31.10 2.27 1.27 0.10 9.90 0.65 0.18 0.00
Mild D14 2 31.98 1.60 1.21 0.11 6.20 1.18 0.16 0.02
Mild D16 1 5.62 0.14 0.31 0.01 2.72 0.30 0.14 0.01
Mild D16 2 24.00 1.44 0.98 0.16 6.87 0.48 0.16 0.01
Mild D16 3 29.16 2.39 1.15 0.12 4.84 0.99 0.18 0.03
Mild D16 4 32.81 1.42 1.35 0.11 6.69 0.39 0.15 0.01
Severe D21 1 22.40 2.06 1.00 0.10 2.33 0.10 0.12 0.02
Severe D21 2 27.07 2.74 1.07 0.15 3.65 0.21 0.16 0.01
Severe D21 4 30.72 2.39 1.27 0.13 6.04 0.71 0.17 0.01
Severe D21 3 32.89 5.16 1.33 0.25 3.33 0.38 0.14 0.02
Severe D22 1 21.15 4.55 1.03 0.23 1.86 0.27 0.12 0.03
Severe D22 3 28.77 2.46 1.15 0.15 5.25 0.75 0.14 0.02
Severe D22 4 31.59 1.52 1.22 0.12 7.29 0.34 0.18 0.00
Severe D22 2 36.25 1.98 1.54 0.12 5.12 0.75 0.16 0.02
Severe D23 1 7.22 1.32 0.31 0.06 0.67 0.04 0.16 0.03
Severe D23 2 20.53 1.92 0.85 0.08 3.49 0.22 0.12 0.01
Severe D23 3 22.27 3.24 0.91 0.12 6.20 0.41 0.15 0.01
Severe D23 4 27.64 1.54 0.93 0.10 8.28 0.41 0.17 0.01
Severe D27 1 7.60 0.71 0.35 0.03 1.18 0.18 0.17 0.03
Severe D27 2 25.28 1.99 1.06 0.06 3.83 0.34 0.15 0.03
Severe D27 3 28.17 2.72 1.13 0.29 3.95 0.56 0.17 0.01
Severe D27 4 32.83 5.05 1.17 0.23 6.62 0.55 0.15 0.01
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APPENDIX B: CHAPTER 3 DATA
Table 7.1: Whole bone mechanical testing (3 point bending) and microCT


















Control 1 21759 728.70 0.762 1.66 996.67 24.62 12.78 3.63
Control 2 29439 690.82 0.15 0.88 975.16 14.13 9.07 3.53
Control 3 36436 752.10 0.025 0.62 983.90 19.97 10.86 3.55
Control 4 36705 732.96 0.168 0.68 993.67 15.66 9.01 3.99
Control 5 32969 858.11 0.343 0.96 975.19 19.08 10.63 4.08
Control 6 28527 821.94 0.165 0.78 954.19 21.59 13.69 6.02
Control 7 20959 639.50 0.114 0.97 1002.64 15.74 9.44 4.17
Control 8 13645 569.70 0.03 1.10 980.19 12.54 7.27 3.25
Control 9 26629 686.83 0 0.74 1006.38 16.00 8.36 2.41
Control 10 33636 745.11 0.173 0.83 958.52 15.79 9.48 0.89
Control 12 29289 753.44 0.124 0.82 956.37 14.99 8.99 1.14
Control 13 17141 545.36 0.214 1.10 958.53 10.29 6.41 5.13
Control 14 29069 827.38 0 0.85 985.50 20.82 11.77 5.84
Control 15 29823 583.21 0.248 0.97 973.22 18.57 9.90 5.31
Control 16 24213 599.68 0.055 0.79 1000.53 12.07 7.05 4.21
Control 17 39601 836.96 0.09 0.68 983.76 17.72 11.82 5.72
Control 18 28955 747.81 0.04 0.78 988.88 19.49 10.87 5.00
Control 19 23324 623.87 0.667 1.40 1001.11 20.67 9.79 4.86
Control 20 28525 816.59 0.219 0.93 1014.98 17.13 11.02 4.46
Control 21 27348 673.26 0.094 0.77 1007.42 13.80 8.32 4.75
F100 22 26805 603.57 0.345 0.94 961.06 18.45 10.55 3.89
F100 23 32874 732.52 0.12 0.74 965.12 23.68 13.64 3.63
F100 24 21268 571.45 0.236 1.00 997.35 16.49 11.79 3.05
F100 25 20279 563.37 0.304 1.27 980.12 18.22 9.83 3.99
F100 26 23812 596.37 0.428 1.32 971.12 18.36 13.16 4.59
F100 27 16891 680.09 0.24 1.30 992.30 14.75 7.58 2.69
F100 28 18037 629.83 0.846 1.65 990.47 11.96 8.03 3.58
F100 29 14533 586.08 0.662 1.78 1001.37 21.93 11.20 4.33
F100 30 18805 505.27 1.186 1.94 984.06 18.12 11.17 0.42
F100 31 28456 548.68 0.602 1.23 1015.99 21.95 13.13 1.36
Bending Test Results MicroCT Data
Group ID # EI (Nmm2)
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Table 7.1 continued.
F100 32 25396 429.51 0.94 1.45 972.23 22.77 14.87 1.26
F100 33 14018 573.89 0.145 1.38 955.88 12.80 7.79 5.21
F100 34 25657 812.70 0.009 0.94 950.49 21.56 11.95 6.03
F100 35 27838 611.34 0.458 1.02 985.80 21.09 12.34 5.82
F100 36 34114 780.44 0.239 0.82 981.47 21.48 12.62 4.89
F100 37 23645 765.34 0.502 1.40 974.60 23.22 11.35 5.34
F100 38 19009 440.75 0.616 1.37 1030.27 15.62 9.94 4.52
F100 39 18453 394.12 0.778 1.50 981.16 15.58 9.20 4.55
F100 40 21615 230.63 1.005 1.67 1001.58 13.63 8.66 3.74
F100 41 15680 657.70 0.374 1.45 971.28 17.51 9.14 4.89
F100 42 27873 697.24 0.153 0.97 1037.52 15.53 9.38 4.41
F150 43 13711 309.30 0.663 1.66 933.97 17.61 9.38 3.56
F150 44 18504 468.45 0.433 1.30 976.95 15.26 8.45 3.20
F150 45 12215 410.12 0.713 2.00 966.74 15.54 9.71 4.42
F150 46 29114 467.30 0.592 1.11 997.54 15.74 9.01 3.88
F150 47 17541 462.46 1.13 2.00 957.84 16.30 9.98 3.61
F150 48 26688 926.32 0.594 1.45 972.85 20.71 12.22 3.87
F150 49 16041 928.07 0.648 1.50 1013.00 24.71 15.23 3.85
F150 50 21405 543.12 0.594 1.22 938.68 17.26 10.05 1.04
F150 51 12239 487.67 0.02 1.21 998.61 21.11 10.93 1.55
F150 52 13622 523.86 0.467 1.45 994.53 17.20 9.19 0.71
F150 53 10310 228.79 1.101 1.80 941.61 17.02 9.59 6.65
F150 54 18252 663.14 0.085 1.11 912.95 15.94 9.52 4.38
F150 55 14775 428.74 1.125 1.81 977.72 22.09 13.37 5.05
F150 56 23560 398.43 1.24 1.76 1033.52 13.09 7.70 3.99
F150 57 21718 449.34 0.627 1.33 981.16 20.39 11.83 4.16
F150 58 22149 522.24 1.599 2.24 954.98 19.79 11.33 5.04
F150 59 14723 427.30 1.15 2.13 976.80 19.94 11.04 4.78
F150 60 9733 223.25 1.24 2.19 962.18 14.60 7.26 4.15
F150 61 13640 541.60 0.409 1.53 992.93 11.81 7.15 4.30
F150 62 25085 765.27 0.215 0.98 989.94 20.13 10.40 4.09
F150 63 10112 503.43 0.588 1.89 934.23 17.45 9.41 4.94
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Table 7.2: Means and standard deviations of tissue-level mechanical prop-
erties and composition by zone for each sample for Chapter 3.
Ei (GPa) H(GPa) Min:Mat Carb Ei (GPa) H(GPa) Min:Mat Carb
100ppm 33 1 7.97 0.35 4.60 0.18 1.13 0.11 0.71 0.01
100ppm 33 2 30.88 1.16 5.56 0.20 2.36 0.10 0.41 0.02
100ppm 33 3 29.51 1.11 6.05 0.21 1.39 0.13 1.08 0.01
100ppm 33 4 32.89 1.18 6.65 0.20 2.96 0.25 0.82 0.01
100ppm 35 1 25.31 1.11 2.09 0.18 8.75 0.48 0.69 0.03
100ppm 35 2 32.72 1.18 3.99 0.22 1.45 0.08 0.30 0.01
100ppm 35 3 30.49 1.12 7.46 0.18 1.27 0.10 0.80 0.02
100ppm 35 4 34.42 1.32 8.10 0.20 1.20 0.18 0.48 0.01
100ppm 36 1 18.95 0.70 3.79 0.19 6.18 0.20 0.68 0.02
100ppm 36 2 32.74 1.29 7.47 0.21 1.50 0.09 0.79 0.01
100ppm 36 3 33.12 1.30 6.19 0.21 1.59 0.13 0.30 0.01
100ppm 36 4 33.02 1.30 7.80 0.20 2.83 0.17 0.55 0.01
100ppm 37 1 6.02 0.25 0.79 0.15 0.63 0.01 0.02 0.03
100ppm 37 2 29.85 1.13 5.16 0.17 2.65 0.14 0.96 0.01
100ppm 37 3 31.31 1.12 6.63 0.21 2.97 0.09 0.32 0.01
100ppm 37 4 35.38 1.34 9.09 0.21 0.88 0.16 0.56 0.00
100ppm 38 1 4.86 0.19 0.57 0.19 0.09 0.02 0.05 0.03
100ppm 38 2 29.48 1.09 3.03 0.25 1.71 0.15 0.24 0.03
100ppm 38 3 34.17 1.24 5.02 0.22 2.95 0.08 0.62 0.02
100ppm 38 4 33.76 1.21 6.68 0.23 2.13 0.06 0.42 0.01
150ppm 53 1 6.42 0.25 2.86 0.21 1.29 0.05 0.50 0.02
150ppm 53 2 29.17 1.05 3.80 0.24 2.11 0.13 0.60 0.02
150ppm 53 3 30.92 1.10 6.26 0.23 1.30 0.09 0.64 0.01
150ppm 53 4 32.08 1.12 7.77 0.21 1.56 0.10 0.24 0.01
150ppm 54 1 6.49 0.29 1.43 0.18 1.31 0.06 0.29 0.02
150ppm 54 2 27.73 0.74 5.03 0.20 1.47 0.05 0.34 0.02
150ppm 54 3 27.80 0.75 6.00 0.21 1.41 0.04 0.25 0.01
150ppm 54 4 27.84 0.76 6.24 0.20 0.99 0.05 1.42 0.01
150ppm 55 1 12.36 0.49 4.02 0.18 4.26 0.20 0.64 0.01
150ppm 55 2 28.43 1.16 4.60 0.21 2.04 0.13 0.52 0.02
150ppm 55 3 35.12 1.34 4.92 0.25 3.48 0.16 1.31 0.03
150ppm 55 4 34.96 1.44 7.83 0.20 3.90 0.17 0.45 0.01
150ppm 57 1 6.39 0.34 2.27 0.17 0.73 0.06 0.09 0.03
150ppm 57 2 23.59 0.96 4.36 0.21 2.63 0.16 0.52 0.02
150ppm 57 3 26.07 1.14 3.45 0.24 0.80 0.09 0.24 0.02
150ppm 57 4 26.53 1.22 6.95 0.23 1.29 0.15 0.47 0.01
150ppm 59 1 19.41 0.65 2.33 0.16 5.22 0.20 0.59 0.01
150ppm 59 2 26.61 0.87 4.31 0.21 1.35 0.05 0.47 0.02
150ppm 59 3 29.76 0.95 6.90 0.19 1.51 0.08 0.45 0.01
150ppm 59 4 27.91 0.89 7.79 0.20 1.91 0.13 0.55 0.01
Control 11 1 25.33 0.91 6.27 0.18 2.91 0.19 0.30 0.02
Control 11 2 26.75 0.98 5.84 0.20 1.73 0.20 0.64 0.01
Control 11 3 26.61 1.00 6.43 0.20 2.01 0.17 0.44 0.01
Group Sample Zone Average Standard Deviations
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Table 7.2 continued.
Control 11 4 29.69 1.14 8.72 0.21 0.59 0.08 0.25 0.00
Control 12 1 5.99 0.22 2.05 0.16 0.48 0.02 0.46 0.02
Control 12 2 29.59 1.03 3.94 0.22 1.28 0.07 1.12 0.04
Control 12 3 31.21 1.10 3.32 0.22 1.24 0.17 0.53 0.02
Control 12 4 34.54 1.25 6.92 0.21 3.97 0.27 0.53 0.01
Control 15 1 8.09 0.41 3.05 0.17 0.63 0.03 0.20 0.01
Control 15 2 32.37 1.18 4.28 0.19 1.83 0.12 1.35 0.02
Control 15 3 31.83 1.13 4.01 0.29 3.54 0.12 0.20 0.04
Control 15 4 32.49 1.14 6.16 0.22 4.43 0.30 1.31 0.01
Control 17 1 6.49 0.29 2.49 0.17 1.05 0.03 0.66 0.02
Control 17 2 29.05 0.98 4.97 0.20 2.11 0.16 0.30 0.01
Control 17 3 27.72 0.95 5.60 0.21 2.82 0.16 0.58 0.01
Control 17 4 30.81 1.15 7.53 0.21 1.96 0.13 0.36 0.01
Control 18 1 16.17 0.58 4.18 0.26 2.82 0.16 0.36 0.04
Control 18 2 25.83 0.89 4.18 0.21 0.85 0.09 0.36 0.02
Control 18 3 30.00 1.04 5.23 0.24 2.01 0.05 0.38 0.02
Control 18 4 30.81 0.99 6.56 0.22 2.10 0.08 0.34 0.01
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Table 8.1: Average tissue-level composition and mechanical properties by
sample in addition to donor age, aBMD, and T-score.
Carb Sub FWHM Min:Mat Ei (GPa) H (GPa)
4 0.19 23.15 6.73 22.13 1.09 NA NA 61
7 0.21 24.03 6.56 23.49 0.98 0.63 -3.8 87
9 0.17 21.94 5.04 23.35 1.24 0.66 -3.5 87
11 0.21 23.92 6.87 25.13 1.09 0.83 -1.9 61
15 0.18 23.33 4.22 20.91 0.89 0.76 -2.6 92
20 0.17 22.77 6.39 25.07 0.99 0.96 -0.8 74
24 0.19 27.24 6.96 23.15 1.05 0.88 -1.5 58
30 0.23 23.45 5.49 22.32 0.83 1.10 0.5 73
31 0.18 23.92 4.02 17.02 0.87 0.47 -5.2 79
36 0.23 25.01 5.85 18.63 0.77 0.62 -3.9 68
37 0.19 23.54 4.94 19.88 0.92 0.57 -4.4 65
Sample Average BMD L1-L4 Tscore L1-L4 AgeSample ID
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CHAPTER 9
APPENDIX D: MATLAB CODE
9.1 Three Point Bending Analysis
Matlab m-file for analyzing three point bending load-displacement data in the
form of text files.
1 %3 pt bend data
2 %By GKim 04/04/09 edited 06/05/2012 zeros the load based on the ...
average of
3 %first few values not from the derivative. Just finds max load
4 %Makes a structure called "file" with the name of all txt files ...
in the
5 %specified folder. "lengthfiles" will be the number of txt files...
in the
6 %folder
7 w = 15%input('What was the span width in mm? ');
8 pathname = input('Locate the folder where files are located ');
9 files = dir(fullfile(pathname,'*.txt'));
10 lengthfiles = size(files);
11 lengthfiles = lengthfiles(1,1);
12 for X=20%[1:lengthfiles]
13 data=dlmread([pathname,'\',files(X).name],'\t',11,0); %reads...
txt reads load-disp starting at row 11 and column 2 to ...
skip headers and time
14
15 disp = -1*data(:,1); %so graph is right side up






22 dispindex = find(disp>xstart);
23 dispindexend = find(disp>xend);
24
25 disp = disp(dispindex(1):dispindexend);
26 load = load(dispindex(1):dispindexend);
27
28 offsetload = load(1);
29 load = load-offsetload;
30 offsetdisp = disp(1);












42 lin_start = x1;%input('Start of linear region? ');
43 lin_end = x2;%input('End of linear region? ');
44 lin_region_start = min(find(disp>lin_start));
45 lin_region_end = min(find(disp>lin_end));
46 %lin_region_start = min(find(disp>.4));
47 %lin_region_end = min(find(disp>.7));
48 dispL = disp(lin_region_start:lin_region_end);




53 %Fits a line to the a linear portion of curve (dispL,loadL)...
to get structural stiffness k
54 [curve,gof,output]= fit(dispL,loadL,'poly1');
55 rsquare = gof.rsquare;
56 coeff = coeffvalues(curve);
57 k = coeff(1,1);
58 b = coeff(1,2);
59 yfit = k.*dispL + b;
60
61 EI = k*(wˆ3)/48;
62
63 %finds the yield point which is defined at 10% reduction...
of the secant
64 %stiffness (jepsen et al 1996 JOR 14(3):493-499
65 postyield_slope = k-.1*k;
66 postyield_intercept = loadL(1)-postyield_slope*dispL(1);
67 postyield_line = (postyield_slope*disp)+postyield_intercept;
68
69
70 %Finds the index of yield point
71 j= min(find(postyield_line>loadL(length_lin)));
72 while j < length(disp)-1
73 if load(j+1)<postyield_line(j+1)






80 Dyield = disp(index_yield);%displacement at yield








88 A = find(disp≤xfail);
89 Aindex = length(A);
90 Dfail = disp(A(Aindex));
91 Loadfail = load(A(Aindex));
92














105 fprintf(sfile,'%s,',date); % today's date












9.2 Weighted Moment of Inertia fromMicroCT Scans
Matlab m-files for calculating density weighted moments of inertia from mi-
croCT scans of diaphyseal cortical bone.
1 %file name: cortical.m
2 %This script takes all vff files in a folder and finds the ...
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weighted and
3 %unweighted moments of inertia and writes the values to a csv ...
file.
4 %Directions
5 %1) Put all vffs you would like to analyze in a folder
6 %2) Put the following m files in the folder as well
7 % a) cortical.m




12 % 3) Change the resolution in 'cortical.m' to the correct value
13 % 4) Run 'cortical.m'
14 % 5) Output will be in the same folder as vffs and mfiles
15 pathname = input('Locate the folder where files are located ');
16 TH = input('Enter the desired threshold value '); %for vitD HU ...
equivalent to 0.43g/cc is 879
17 %res = input('input the resolution of the CT machine in mm ...
please ');
18 %first = input('input the number of the 1st slice of the stack ...
you want to average ');
19 %last = input('input the number of the last slice of the stack ...
you want to average ');
20 res = 0.025;
21 files = dir(fullfile(pathname,'*.vff'));
22 lengthfiles = size(files);








31 [Z] = threshold_change_20120605(dArray,TH);
32 toc
33

























52 %close figure 12
53 % Iy_bar_min= min(Iy_bar);
54 % Iy_bar_u_min= min(Iy_bar_u);
55 % area_min = min(area);
56 % total_att_min = min(total_att);
57 % Iy_bar_exp_ave= mean(Iy_bar_exp);
58 % Iy_bar_lin_ave= mean(Iy_bar_lin);
59 % Iy_bar_u_ave= mean(Iy_bar_u);
60 % x_bar_exp_ave= mean(x_bar_exp);
61 % x_bar_lin_ave= mean(x_bar_lin);
62 % x_bar_u_ave= mean(x_bar_u);
63 % x_bar_Z2_ave= mean(x_bar_Z2);
64 % x_bar_Z3_ave= mean(x_bar_Z3);
65 %total_att_ave = mean(total_att);
66 %Print information to a csv file
67 sfile=fopen([pathname,'\','test2.csv'],'a');
68 fprintf(sfile,'%s,',date); % today's date
69 fprintf(sfile,'%s,',fname); %reading name (filename)
70 % fprintf(sfile,'%.3f,',area_min); %
71 % fprintf(sfile,'%.3f,',total_att_min); %
72 % fprintf(sfile,'%.3f,',Iy_bar_min); %










83 % fprintf(sfile,'%.3f,',x_bar_exp); %
84 % fprintf(sfile,'%.3f,',x_bar_lin);
85 % fprintf(sfile,'%.3f,',x_bar_u); %
86 % fprintf(sfile,'%.3f,',x_bar_Z2); %
87 % fprintf(sfile,'%.3f,',x_bar_Z3); %
88 fprintf(sfile,'\n'); % newline character
89 fclose(sfile);
90 end
1 function [dArray,header] = readvff(fname);
2 % function dArray = readvff(fname)
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3 %
4 % reads EVS *.vff volume files (16 bit).
5 %
6 % Author: Timothy Morgan
7 % Created: 04/03/01
8 % Modified: 08/06/02 by TGM
9 % - added ability to read 2D vff images
10 % Modified: 10/24/02 by TGM
11 % - added try/catch for initializing dArray
12 % - in catch, added cat of small integer arrays
13 % to initialize dArray
14 % Modified: 2/18/03 by MvdM
15 % - added semicolons to prevent print to screen
16 % Modified: 6/19/08 by KMS
17 % - fixed code to recognize 'ncaa' in header
18 % - added more comments
19 %
20 % Input: fname - name of input file (with extension)
21 %
22 % Output: dArray - 3D matlab array. Dimensions of array ...
correspond to
23 % coordinate of each voxel. Values in array are corresponding CT...
values in
24 % the Hounsfield scale (HU).
25 % open file (note 'b' for big-endian)
26 [fid,message] = fopen(fname,'r','b');
27 % find file info (size in bytes, for use later)
28 fInfo = dir(fname);
29 endHeader = 0;
30 lineNbr = 1;
31 while(endHeader == 0);
32 tline = fgetl(fid);
33 if strcmp(tline, 'ncaa');
34 tline = fgetl(fid);
35 end;
36 if(tline(end) == ';');
37 header{lineNbr} = tline;
38 lineNbr = lineNbr + 1;
39 else;
40 endHeader = 1;
41 end;
42 end;
43 % parse header info to determine size of data
44 knowSize = 0;
45 lineNbr = 1;
46 while(knowSize == 0);
47 tline = header{lineNbr};
48 if(strcmpi('size',tline(1:4)));
49 knowSize = 1;
50 else;




54 % read dimensions of data from 'size=' line in header
55 equalsLoc = find(tline == '=');
56 temp = tline(equalsLoc+1:end-1); %extract dimensions (still has ...
spaces)
57 dimSpaces = find(isspace(temp)); %location of spaces
58 nbrDims = (size(dimSpaces,2) + 1); %# of spaces + 1 = # of Dims
59 if(nbrDims == 3); %if 3D
60 dim1 = str2num(temp(1:dimSpaces(1)-1));
61 dim2 = str2num(temp(dimSpaces(1)+1:dimSpaces(2)-1));
62 dim3 = str2num(temp(dimSpaces(2)+1:end));
63 elseif(nbrDims == 2); %if 2D
64 dim1 = str2num(temp(1:dimSpaces(1)-1));
65 dim2 = str2num(temp(dimSpaces(1)+1:end));
66 dim3 = 1;
67 end;
68 % calculate offset (byte where CT data begins after header)
69 offset = (fInfo.bytes - 2*(dim1*dim2*dim3));
70 % skip to where data begins
71 fseek(fid,offset,-1);%set file position indicator. -1 signals ...
beginning of file.
72 cwd = pwd; %pwd prints current working directory
73 cd(tempdir); %change directory to temporary directory
74 pack; %consolidate workspace memory
75 cd(cwd); %change directory back
76 % initialize data array. Makes computing faster.
77 %try hints the computer that an error may occur
78 try; %direct try of zeros array
79 dArray = int16(zeros(dim1,dim2,dim3));
80 catch; %if error does occur (dimensions too big)
81 try;
82 dim3_1 = round(dim3/4); %try 1/4 of dim 3, make an array 1/4...
of the original size
83 temp = int16(zeros(dim1,dim2,dim3_1));
84 dArray = cat(3,temp,temp,temp,temp); %cat concatenates 4 ...
input arrays into one 3D array
85 clear temp;
86 catch;





91 % read data, one slice at a time
92 for slice = 1:dim3;
93 [temp,count] = fread(fid,[dim1,dim2],'short');
94 dArray(:,:,slice) = int16(temp);
95 end;
96 fclose(fid);
1 function [Z,ZU,Zlin,Zexp] = threshold_20110715(dArray,TH)
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2 %Removes first slice and last 2 of imported vff because ...
sometimes those are
3 %blank from exporting from microView
4 dim = size(dArray);
5 first = 2;
6 last = dim(3)-2;
7 z = dArray(:,:,first:last);
8 dims=size(z);
9 %Z-This makes the background values 0 and maintains the value of...
anything
10 %above the designated threshold
11 for L = [1:dims(3)]
12 for k = [1:dims(2)]










23 %ZU-This makes values below the threshold 0 and above it 1. Used...
in unweighted
24 %centroid, MOI ect
25 for L = [1:dims(3)]
26 for k = [1:dims(2)]










37 %Zlin- was calculated in here because needed to calculate do a ...
loop to only
38 %scale non-zero entries in Z matrix
39 for L = [1:dims(3)]
40 for k = [1:dims(2)]











51 %Zexponential is calculated here






3 %Finds the centroid of the object after it has been thresholded.
4 %If thresholded to assume a homogeneous material, it will not be...
weighted
5 %because Z values will be 1 or 0.
6 %If thresholded retain heterogeneous material, centroid values ...
will be
7 %weighted because Z values will be in HU
8 dA = resˆ2;
9 dim = size(ZU);
10 %dim = [5 5 5];
11 %Finds x coordinate of the the density weighted and unweighted ...
centroid %%
12 for L = [1:dim(1,3)] % Goes through for each slice in Z and sets...
up variables













26 total_att_exp_ = 0;
27 total_att_lin_ = 0;
28 area_=0;
29 total_att_Z2_ = 0;
30 total_att_Z3_ = 0;
31
32
33 for kk = [1:dim(2)] % for each column
34 for jj = [1:dim(1)] % for each to row
35 if Zexp(jj,kk,L)>0
36
37 %exp Relationship, Ei is modulus of each pixel but ...
in this case
38 %exponentially weighted attenuation modulus is ...
surgate for
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39 %modulus value of the pixel
40 %y_Bar = sum(y*ni*Ai)/sum(Ei*Ai) thus y_bara = sum(y...
*ni/Ai)
41 %total_att = sum(ni*Ai)
42 x_bara_exp_ = x_bara_exp_ + ((Zexp(jj,kk,L))*dA*((kk...
-.5)*res));
43 % y_bara_exp_ = y_bara_exp_ + ((Zexp(jj,kk,L))*dA*((...
jj-.5)*res));
44
45 %total_mineral_ = total_mineral_+(Z(jj,kk,L)...
*(1073/2194000));% in g
46 total_att_exp_ = total_att_exp_ + Zexp(jj,kk,L)*dA;
47
48 %linear relationship, Ei is modulus of each pixel ...
but in this case
49 %linearly weighted attenuation modulus is surgate ...
for
50 %modulus value of the pixel
51 x_bara_lin_ = x_bara_lin_ + ((Zlin(jj,kk,L))*dA*((kk...
-.5)*res));
52 % y_bara_lin_= y_bara_lin_ + ((Zlin(jj,kk,L))*dA*((jj...
-.5)*res));
53 total_att_lin_ = total_att_lin_ + Zlin(jj,kk,L)*dA;
54 %Unweighted
55 x_bara_u_ = x_bara_u_ + (ZU(jj,kk,L)*dA*((kk-.5)*res...
));%changed
56 % y_bara_u_ = y_bara_u_ +(ZU(jj,kk,L)*dA*((jj-.5)*res...
));%changed
57 area_ = area_ + ZU(jj,kk,L)*dA; %changed
58
59 %Z2
60 x_bara_Z2_ = x_bara_Z2_ + ((Z2(jj,kk,L))*dA*((kk-.5)...
*res));
61 % y_bara_Z2_ = y_bara_Z2_ + ((Z2(jj,kk,L))*dA*((jj-.5...
)*res));
62
63 %total_mineral_ = total_mineral_+(Z(jj,kk,L)...
*(1073/2194000));% in g
64 total_att_Z2_ = total_att_Z2_ + Z2(jj,kk,L)*dA;
65
66 %Z3
67 x_bara_Z3_ = x_bara_Z3_ + ((Z3(jj,kk,L))*dA*((kk-.5)...
*res));
68 % y_bara_Z3_ = y_bara_Z3_ + ((Z3(jj,kk,L))*dA*((jj-.5...
)*res));
69
70 %total_mineral_ = total_mineral_+(Z(jj,kk,L)...
*(1073/2194000));% in g









79 x_bara_exp(L) = x_bara_exp_;




84 total_att_exp(L) = total_att_exp_;%units of res (lengthˆ2)
85 total_att_lin(L) = total_att_lin_;
86 area(L) = area_ ;
87 total_att_Z2(L) = total_att_Z2_;
88 total_att_Z3(L) = total_att_Z3_;
89 % y_bara_exp(L) = y_bara_exp_;
90 % y_bara_lin(L) = y_bara_lin_;
91 % y_bara_u(L) = y_bara_u_;
92 % y_bara_Z2(L) = y_bara_Z2_;
93 % y_bara_Z3(L) = y_bara_Z3_;
94 end
95 x_bar_exp=x_bara_exp./total_att_exp; %units [HU*length]/[HU]=...
length
96 x_bar_lin=x_bara_lin./total_att_lin;
97 x_bar_u = x_bara_u./area;
98 x_bar_Z2=x_bara_Z2./total_att_Z2;
99 x_bar_Z3=x_bara_Z3./total_att_Z3;
100 % y_bar_exp=y_bara_exp./total_att_exp; %units [HU*length]/[HU]=...
length
101 % y_bar_lin=y_bara_lin./total_att_lin;
102 % y_bar_u=y_bara_u./area; %units [lenghtˆ3]/[Area]=length
103 % y_bar_Z2=y_bara_Z2./total_att_Z2;
104 % y_bar_Z2=y_bara_Z2./total_att_Z2;




2 %calculates the moment of inertia based on using finite ...
summation of pixels
3 %from a microct Vff file. When testing on known geometry (...
rectangle) error
4 %due to different between integration and descrete area ...
summation, error
5 %decreases as the the ∆_area is a smaller percentage of the ...
total area
6 dA = resˆ2;
7 dim=size(ZU);
8 %%%%%%%% Corcoran et al method for mass weighted %%%%%%%%%%
9 %%%%%%%%%%%%%%%% moment of inertia calculatios %%%%%%
10 for L = [1:dim(1,3)] % for every slice in Z
11 %Sets up variable names
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12 % Ix_exp_ = 0;
13 % Ix_lin_ = 0;
14 % Ix_u_ = 0;
15 Iy_exp_ = 0;
16 Iy_lin_ = 0;
17 Iy_u_ = 0;
18 Iy_Z2_ = 0;
19 Iy_Z3_ = 0;
20 for kk = [1:dim(1,2)]
21 for jj = [1:dim(1,1)]
22 if ZU(jj,kk,L)>0
23
24 %exp relationship between att and E
25 Iy_exp_ = Iy_exp_ + (((Zexp(jj,kk,L))*((kk-0.5)...
*res)ˆ2)*dA);
26 % Ix_exp_ = Ix_exp_ + (((Zexp(jj,kk,L))*((jj-0.5...
)*res)ˆ2)*dA);
27 %linear relationship between att and E
28 Iy_lin_ = Iy_lin_ + (((Zlin(jj,kk,L))*((kk-0.5)...
*res)ˆ2)*dA);
29 % Ix_lin_ = Ix_lin_ + (((Zlin(jj,kk,L))*((jj-0.5...
)*res)ˆ2)*dA);
30 %Unweighted
31 Iy_u_ = Iy_u_ + (((ZU(jj,kk,L))*((kk-0.5)*res)...
ˆ2)*dA); %Sum(scaling factor*yˆ2*area)
32 % Ix_u_ = Ix_u_ + (((ZU(jj,kk,L))*((jj-0.5)*res)...
ˆ2)*dA); %units of this are the units of resˆ4
33
34 %Z2










43 % Ix_exp(L) = Ix_exp_;
44 % Ix_lin(L) = Ix_lin_;
45 % Ix_u(L) = Ix_u_;
46 Iy_exp(L) = Iy_exp_;
47 Iy_lin(L) = Iy_lin_;
48 Iy_u(L) = Iy_u_;
49 Iy_Z2(L) = Iy_Z2_;
50 Iy_Z3(L) = Iy_Z3_;
51 end
52 %Using parallel axis theorm to find moment of inertia about the ...
centroid
53 %Ix_bar_u = Ix_u -(area.*(y_bar_u.ˆ2));
54 Iy_bar_u = Iy_u -(area.*(x_bar_u.ˆ2));
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55 %Ixy_bar_u = Ixy_u_-(area.*y_bar_u.*x_bar_u);
56 %Ix_bar_exp = Ix_exp - (total_att_exp.*(y_bar_exp.ˆ2)); %y_bar_*...
is in units same as res
57 %Ix_bar_lin = Ix_lin - (total_att_lin.*(y_bar_lin.ˆ2)); %...
total_Att is in resˆ2
58 Iy_bar_exp = Iy_exp - (total_att_exp.*(x_bar_exp.ˆ2));
59 Iy_bar_lin = Iy_lin - (total_att_lin.*(x_bar_lin.ˆ2));
60 Iy_bar_Z2 = Iy_Z2 - (total_att_Z2.*(x_bar_Z2.ˆ2));
61 Iy_bar_Z3 = Iy_Z3 - (total_att_Z3.*(x_bar_Z3.ˆ2));
62 %%%%%%%%%%%%%%%%%%%%%%%%%
63 %Calculate averages%%%%
64 %Ix_bar_u = mean(Ix_bar_u);
65 Iy_bar_u = mean(Iy_bar_u);
66 %Ix_bar_exp = mean(Ix_bar_exp);
67 %Ix_bar_lin = mean(Ix_bar_lin);
68 Iy_bar_exp = mean(Iy_bar_exp);
69 Iy_bar_lin = mean(Iy_bar_lin);
70 Iy_bar_Z2 = mean(Iy_bar_Z2);
71 Iy_bar_Z3 = mean(Iy_bar_Z3);
9.3 Raman Spectra Analyzer
Matlab m-file that calculates peak height ratios for bone compositionl parame-
ters.












11 %2) Change the file names in line 35 and 36 to what you would ...
like
12 %3) You can change the length of the running average for the ...
spectra
13 %smoother and the polynomial power for the background ...
subtraction,
14 %currently set to 9pt moving average and 3rd order polynomial ...
fit
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15 %4)Run the Raman_Mapping_Auto_Output and enter in directory with...
all data
16 %files when prompted to
17 %5) As file runs, plots of all the spectra with peak intensities...
are
18 %displayed one by one, go to RamanPeakFinder to turn off ploting
19 pathname = input('Locate the folder where files are located ');
20 files = dir(fullfile(pathname,'*.txt'));
21 lengthfiles = size(files);
22 lengthfiles = lengthfiles(1,1);
23 for j=[1:lengthfiles]
24 fname= files(j).name;
25 data = importdata(fname);
26 [outputs] = Raman_Mapping_Analysis(data)
27 j
28 close all
29 %%%%%%%%% Print information to a csv file





34 dims = size(outputs);
35 for k=[1:dims(1)]
36 fprintf(sfile,'%s,',date); % today's date
37 fprintf(sfile,'%s,',fname); %reading name (filename)




1 function [outputs] = Raman_Mapping_Analysis(data)
2 warning off
3 %Divides up the long txt file with map data into individual ...
spectra
4 [spectra] = RamanImageFileDivider(data);
5 %Does background subtraction for each of the spectra.
6 %S is spectral data S(wavenumber,Intensity, spectranumber in map...
)
7 %dim is the number of points in your mapping data
8 dim = size(spectra);
9 for i = 1:dim(3)
10 [S(:,:,i)] = RamanBackgroundSub3rd(spectra(:,:,i));
11 end
12 %Initializing matricies used in the loop below
13 SS = S;
14 XVAL = zeros(dim(3),7);
15 YVAL = zeros(dim(3),7);
16 MAP = zeros(dim(3),6);
17 %Finds the peaks of interest for each spectra
18 for w=[1:dim(3)]
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19 %smooth the spectra. First entry is the number of points ...
used for
20 % running average.SmoothS is a smoothed spectral intensity ...
matrix
21 [SmoothS] = SpectralSmoother(9,S,w);
22





27 %Finds peaks of interest
28 %wavenumbers is vector with wave number of peaks of interest
29 %wavenumber of PO,CO,CH2,AM1,Resin,Ph,PO FWHM
30 %intensities are the raw intensity values of peaks of ...
interest
31 %intensities of PO,CO,CH2,AM1,Resin,Ph,PO FWHM
32 %Map is x position, y position, po:ch2, po:amide1, co:po,...
fwhm
33 [wavenumbers, intensities,MAP] = RamanPeakFinder(SS,w);
34 outputs(w,:)=[wavenumbers,intensities];
35 end
36 %Finds the distances between where each spectra was taken
37 % position = 0;
38 % for c = [1:w];
39 % position(c)= sqrt(((MAP(c,1)-MAP(1,1))ˆ2)+((MAP(c,2)-MAP...
(1,2))ˆ2));
40 % end
41 %plots phos:ch2 wag peaks at each position
42 %ZZ = meshgrid(MAP(:,4),MAP(:,2),MAP(:,1));
43 %surf(ZZ)
1 function [spectra] = RamanImageFileDivider(data)
2 %the format of the [spectra] matrix is the same as the original ...
data.
3 %spectra(xposition map,yposition map, wave#, intensity)
4 %Raman Imaging file divider
5 %Divides Raman imaging file into individual spectra based on ...
changes
6 %detected in the x,y coordinate data of each spectra which is ...
held in
7 %columns 1 and 2 of data.
8 x = data(:,1);
9 y = data(:,2);
10 j = 2;
11 %sets the first value in split as 1
12 split(1)=1;
13 for i = 2:length(x)
14 if x(i),x(i-1) | y(i),y(i-1)
15 split(j) = i;




19 %Makes the last "split" value the length of the file
20 split(length(split)+1)=length(x);
21 m=2;
22 %Separates each spectra except for the last one into a 3d matrix
23 for k = 1:length(split)-2
24 if k==1
25 spectra(:,:,k) = data(1:split(2)-1,:);
26 else




31 %Puts the last spectra into the end of the 3D matrix
32 spectra(:,:,m) = data(split(length(split)-1):split(length(split)...
),:);
1 function [S] = RamanBackgroundSub3rd(spectra)
2 %Modified 06032010 by Grace
3 %This program automates background subtraction for Raman Spectra
4 %[S] is the same format at spectra, S(xposition map, yposition ...
map,wave#,
5 %intensity)
6 %truncates data to be between wave numbers between 800 and 1800
7 ind = find ((spectra(:,3)<1800)& spectra(:,3)>800);
8 spectra = spectra(min(ind):max(ind),:);
9 %Take a spectra matrix and separate into wavenumber and ...
intensity
10 %values (x and y)
11 x = spectra(:,3);
12 y = spectra(:,4);
13 %Fit a polynomial to the spectra in this case a 3th order
14 [curve,gof,output]= fit(x,y,'poly3');
15 gof
16 p1 = curve.p1;
17 p2 = curve.p2;
18 p3 = curve.p3;
19 p4 = curve.p4;
20 %F is a vector with the fit, each column is each fit iteration
21 for i = 1:length(x)
22 F(i,1) = p1*x(i)ˆ3 + p2*x(i)ˆ2 + p3*x(i) + p4;
23 end
24 %Trunc takes the best fit curve and the actual data and for each...
wave
25 % number finds the mininum value. Polynomial is fit again to ...
trunc of the
26 % most previous iteration








34 %This section repeates the polynomial fit and and truncation ...
until the
35 %sum of squared difference equals a user defined value, res
36 % is initialized as 1 to start the first iteration, it is
37 % redefined in the loop, loop continues while res is greater ...
than 0.01,
38 % this indicates the fitted background is not changing much with...
each
39 % iteration
40 res = 1;
41 j=1;
42 while res > .01
43 [curve,gof,output]= fit(x,trunc(:,j),'poly3');
44 p1 = curve.p1;
45 p2 = curve.p2;
46 p3 = curve.p3;
47 p4 = curve.p4;
48
49 j=j+1;
50 for i = 1:length(x)
51 F(i,j) = p1*x(i)ˆ3 + p2*x(i)ˆ2 + p3*x(i) + p4;
52 end
53
54 b = size(F);







62 diff = F(i,j)-F(i,j-1);
63 res = diff.ˆ2;
64
65 end
66 dim = size(F);
67 S(:,1) = spectra(:,1);
68 S(:,2) = spectra(:,2);
69 S(:,3) = spectra(:,3);
70 S(:,4) = spectra(:,4)-F(:,dim(2));
1 function [SmoothS] = SpectralSmoother(n,S,w)
2 %where (make n odd) n is the length of the running average ...
desired
3 % S is the spectra to be smoothed




7 for i = 1:length(S)
8 if i < n+1
9 SmoothS(i,1)=S(i,4,w);
10 elseif i ≥ n+1 & i<length(S)-4






17 % for i = 1:length(S)
18 % if i < n+1
19 % SS(i,4,w)=S(i,4,w);
20 % elseif i ≥ n+1 & i<length(S)-4





1 function [wavenumbers,intensities,Map] = RamanPeakFinder(SS,w)
2 %added with jayme's fwhm code 20110404
3 %Searches between set wavelengths for peaks
4 xy=[950;970;1060;1080;1440;1465;1590;1700;800;820;995;1010];
5 %Finds FWHM of Phosphate peak
6 phos_index = find(SS(:,3,w)≥950 & SS(:,3,w)≤1010);
7 phosx = round(SS(phos_index(1):phos_index(end),3,w));
8 phosy = SS(phos_index(1):phos_index(end),4,w);
9 f = fittype('gauss2');
10 Options = fitoptions('gauss2');
11 Options.StartPoint = [1.74e+03 960 6.097 1.06e+03 969 7.714];
12 Options.Upper = [Inf 966 Inf Inf Inf Inf];
13 Options.Lower = [-Inf 958 0 -Inf -Inf 0];
14 phos_fit = fit(phosx,phosy,f,Options);
15 peakposition(1,1)= phos_fit.b1 %wavenumber of peak intensity of ...
phosphate
16 xvalue(3,7) = peakposition(1,1)
17 xvalue(1,7)=phos_fit.b1
18 phos_max_index = find(phosx ==round(phos_fit.b1))
19 Q = isempty(phos_max_index);
20 if Q==1
21 phos_max_index = find(phosx ==round(phos_fit.b1)-1);
22 end
23 R = isempty(phos_max_index);
24 if R==1
25 phos_max_index = find(phosx ==round(phos_fit.b1)+1);
26 end
27




30 peaksigma(1,1)= phos_fit.c1 %sigma of gauss fit of phosphate
31 FWHM = 2*sqrt(2*log(2))*phos_fit.c1 %fwhm of phosphate peak
32 clear Q
33 %Finds peak value for Phospahte band
34 clear phos
35 phos(:,1)=find(SS(:,3,w)>xy(1,1) & SS(:,3,w)<xy(2,1)); %finds ...
wave numbers of the phosphate peak area in spectra
36 phosphate(1,1)=max(SS((phos(1,1):phos(end,1)),4,w)); % takes the...
max y value from these x values
37 xvalue(1,1)=find(SS((phos(1,1):phos(end,1)),4,w)== phosphate...
(1,1)); %finds the index of the maximum value
38 xvalue(2,1)=phos(xvalue(1,1),1);
39 xvalue(3,1)=SS(xvalue(2,1),3,w);
40 %Finds peak value for Carbonate band
41 clear carb






47 %Finds the peak for the CH2 wag
48 clear CH





54 %Finds the peak for the Amide I wag
55 clear amide






61 %Finds the peak for the Resin
62 clear Resin






68 %Finds the peak for the Phenylalanine
69 clear Phenylalanine








75 %Plots the spectrum
76 figure('position',[100 100 1000 676])
77 plot(SS(:,3,w),SS(:,4,w),'r-')
78 yvals = [phosphate(1,1), carbonate(1,1), CH2(1,1), Amide(1,1), ...
Resin(1,1),Phenylalanine(1,1),FWHM];
79 intensities = yvals;
80 ymax = max(yvals);












































9.4 X-Ray Diffraction Spectra Analyzer
Matlab m-file that calculates the full width half maximum value of x-ray diffrac-
tion spectra.
1 pathname = input('Locate the folder where files are located ');
2 files = dir(fullfile(pathname,'*.txt'));
3 lengthfiles = size(files);
4 lengthfiles = lengthfiles(1,1);




9 %range = [117,1,701,2]
10
11 DELIMITER = ' ';
12 HEADERLINES = 117;
13 dataimported = importdata([pathname,'\',files(w).name], ...
DELIMITER, HEADERLINES);




18 [output,output_002,bestfit_211] = xrd_20110530(data)
19 w
20
21 % close figure 1
22 % close figure 2
23 %%%%%%%%% Print information to a csv file
24 dlmwrite('xrd_20110628.csv', output,'-append')
25 sfile=fopen([pathname,'\','xrd_20110628_filenames.csv'],'a');
26 dims = size(output);
27 for k=[1:dims(1)]
28 fprintf(sfile,'%s,',date); % today's date
29 fprintf(sfile,'%s,',fname); %reading name (filename)





34 dims = size(output_002);
35 for k=[1:dims(1)]
36 fprintf(sfile,'%s,',date); % today's date
37 fprintf(sfile,'%s,',fname); %reading name (filename)





42 dims = size(bestfit_211);
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43 for k=[1:dims(1)]
44 fprintf(sfile,'%s,',date); % today's date
45 fprintf(sfile,'%s,',fname); %reading name (filename)






2 %Fits XRD data by method of Posner et al. (1963) Arch Oral Biol
3 %Fits gaussian curves of the form a1*exp(-((x-b1)/c1).ˆ2) and
4 %gets the constants a,b,c
5 counts = data(:,2);
6 theta = data(:,1);
7 counts_smooth = smooth(counts);
8 %plot(theta,counts_smooth);
9 %linear interpolation to subtract background around 002 peak
10 %between 2theta values of 25 and 27
11 %Find index of where t is between 25 and 27
12 a = find(theta==25);
13 b = find(theta==27);
14 counts_002 = counts_smooth(a:b);
15 theta_002 = theta(a:b);
16 l = length(theta_002);
17 x1 = theta_002(1);%mean(c_t(1:10));
18 x2 = theta_002(l);%mean(c_t(91:101));
19 y1 = mean(counts_002(1:10));
20 y2 = mean(counts_002(l-10:l));
21 m = (y2-y1)/(x2-x1);
22 B = y1-(m*x1);
23 x = theta_002;
24 y = (m*x)+B;
25 %subtract linear background
26 counts_002_sub = counts_002-y;
27 %Peak fit with a Gaussian curve 25.6 to 26.6 2theta
28 a2 = find(theta_002==25.4);
29 b2 = find(theta_002==26.6);
30 theta_002_fit = theta_002(a2:b2);
31 counts_002_fit = counts_002_sub(a2:b2);
32 options = fitoptions('gauss1');
33 options.StartPoint = [86.818, 25.8786,0.159];
34 options.Lower = [-Inf, 25.8785, 0];
35 options.Upper = [Inf,25.8786,Inf];
36 [cfun_002,gof_002,output_002] = fit(theta_002_fit,counts_002_fit...
,'gauss1');
37 %plot(cfun_002,theta_002_fit,counts_002_fit)
38 rsquare_002 = gof_002.rsquare;
39 cfun_002_a1 = cfun_002.a1;
40 cfun_002_b1 = cfun_002.b1;
41 cfun_002_c1 = cfun_002.c1;
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42 %Use coefficients determined above to find the FWHM of the 002 ...
peak
43 curve_fit_002 = cfun_002_a1*exp(-((theta_002_fit-cfun_002_b1)/...
cfun_002_c1).ˆ2);
44 max_index_002 = find(curve_fit_002==max(curve_fit_002));
45 max_value_002 = curve_fit_002(max_index_002);
46 halfmax_value_002 = max_value_002/2;
47 %find the half max index by taking the minimum difference ...
between the
48 %halfmax value calculated and values in the ...
fitted_002_counts vector
49 diffs = abs(curve_fit_002-halfmax_value_002);
50 L2= floor(length(diffs)/2);
51 halfmax_index_002_a = find(diffs ==min(diffs(1:L2)));














59 %linear interpolation to subtract background around 211 peak
60 %between 2theta values of 31 and 34.5
61 %Find index of where theta is between 31 and 34.5
62 a3 = find(theta==30);
63 b3 = find(theta==34.5);
64 counts_211 = counts_smooth(a3:b3);
65 theta_211 = theta(a3:b3);
66 l = length(theta_211);
67 x3 = theta_211(1);%mean(c_t(1:10));
68 x4 = theta_211(l);%mean(c_t(91:101));
69 y3 = mean(counts_211(1:10));
70 y4 = mean(counts_211(l-10:l));
71 m2 = (y4-y3)/(x4-x3);
72 B2 = y3-(m2*x3);
73 X = theta_211;
74 Y = (m2*X)+B2;
75 %subtract linear background
76 counts_211_sub = counts_211-Y;
77 %Peak fit with a Gaussian curve 31 to 34.5 2theta
78 a3 = find(theta_211==31);
79 b3 = find(theta_211==34.5);
80 theta_211_fit = theta_211(a3:b3);
81 counts_211_fit = counts_211_sub(a3:b3);




85 %Fit the region 31-34.5 with 4 gaussian peaks of the same sigma,...
vary sigma
86 %range from 0.5 to 1.2
87 beta = [.5:.01:0.9];
88 d = 0.0001;
89 for K = 1:length(beta)
90 options = fitoptions('gauss4');
91 lower = [-Inf,31.7728,beta(K)-d,-Inf,32.1956,beta(K)-d,-Inf...
,32.9014,beta(K)-d,-Inf,34.0477,beta(K)-d];
92 start = [218,31.7729,beta(K),188,32.1957,beta(K),184.76,32...
.9015,beta(K),141,34.0478,beta(K)];
93 upper = [Inf,31.7730,beta(K)+d,Inf,32.1958,beta(K)+d,Inf,32...
.9016,beta(K)+d,Inf,34.0479,beta(K)+d];
94 options.Lower = lower;
95 options.StartPoint = start;
96 options.Upper = upper;




100 rsquare(K) = gof_211.rsquare;
101 cfun_211_a1(K) = cfun_211.a1;
102 cfun_211_b1(K) = cfun_211.b1;
103 cfun_211_c1(K) = cfun_211.c1;
104
105 cfun_211_a2(K) = cfun_211.a2;
106 cfun_211_b2(K) = cfun_211.b2;
107 cfun_211_c2(K) = cfun_211.c2;
108
109 cfun_211_a3(K) = cfun_211.a3;
110 cfun_211_b3(K) = cfun_211.b3;
111 cfun_211_c3(K) = cfun_211.c3;
112
113 cfun_211_a4(K) = cfun_211.a4;
114 cfun_211_b4(K) = cfun_211.b4;




119 % pause (2)





125 o = [rsquare;cfun_211_a1;cfun_211_b1;cfun_211_c1;cfun_211_a2;...
cfun_211_b2;cfun_211_c2;;cfun_211_a3;;cfun_211_b3;...
cfun_211_c3;;cfun_211_a4;;cfun_211_b4;;cfun_211_c4];
126 output = transpose(o);
127 indexmax = find(output ==max(output(:,1)));
149
128 bestfit_211 = output(indexmax,:);

















136 output_002 = [rsquare_002,cfun_002_a1,cfun_002_b1,cfun_002_c1,...
FWHM];
137 %output = [gof_002.rsquare, cfun_002.b1, cfun_002.c1, ...
gof_211.rsquare, cfun_211.b1, cfun_211.c1,cfun_211.b2,...
cfun_211.c2,cfun_211.b3,cfun_211.c3,cfun_211.b4,cfun_211.c4]
150
